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I w o u ld  lik e  to  th a n k  m y  su p e rv iso rs  P ro f. J a c k  Y a rw ood  a n d  M r. B a rry  T y lee  fo r  th e ir  
su p e rv is io n  an d  su p p o rt o v e r  th e  th re e  y e a rs  o f  m y  P hD  re sea rch . I w o u ld  a lso  lik e  to  th a n k  
th e  s ta f f  a t th e  H ea lth  an d  S a fe ty  L ab o ra to rie s , e sp e c ia lly  P e te r  S tacey , fo r  th e ir  h e lp  a n d  
m ak in g  m e  fe e l w e lcom e  w h en ev e r  I u s e d  th e ir  fa c ilitie s . T h e  se rv ic e  s ta f f  a t  th e  M R I 
d e se rv e s  a  m en tio n . T h is  in c lu d e s  M ik e  a n d  B ob  w ho  p re fo rm ed  th e  X P S  a n d  X R F  an a ly s is  
o f  m y  sam p le s . A lso , I w o u ld  lik e  to  th a n k  th e  m em b e rs  o f  th e  V ib ra tio n a l S p ec tro sco p y  
g ro u p  fo r  c o n tr ib u tin g  to  th e  p le a s a n t w o rk in g  e n v iro nm en t a t th e  M R I. I t  w a s  a n  e n jo y ab le  
e x p e r ien c e  w o rk in g  w ith  D e lp h in e , JP , P ie rre , Jan e , S and ry , L ena , A ndy , P au l, N ig e l an d  
C h ris to p h e . H ow ev e r, C h ris  a n d  J e f f  d e se rv e  a  sp ec ia l m en tio n . W e  h a d  som e  g re a t tim e s  
to g e th e r  in  S h e ff ie ld  an d  in  th e se  tw o  guy s  I b e lie v e  I h a v e  fo u n d  som e  tru e  fr iend s .
F in a lly , I w o u ld  lik e  to  th a n k  m y  p a ren ts  fo r  th e ir  su p p o rt th ro u g h o u t m y  acad em ic  c a ree r . I t 
h a s  b e en  sev en  lo n g  y e a rs  a n d  I w o u ld  n e v e r  h a v e  m ad e  i t  th is  fa r  w ith o u t th e ir  s u p p o rt a n d  
en cou rag em en t. T h e ir  b a ck in g  h a s  b e en  th e  m a jo r  c o n tr ib u tio n  to  m y  su cc e ss  so  fa r.
A b s t r a c t
D iese l P a r tic u la te  M a tte r  (D PM ) and  co a l d u s t s am p les  w e re  c h a ra c te r is ed  u s in g  R am an  
m ic ro scopy , X -ra y  P h o to e le c tro n  S p ec tro sco p y  (X PS ), D iffu se  R e f le c ta n ce  In fra red  F o u r ie r  
T ran s fo rm  S p e c tro sco p y  (D R IFT S ), T h e rm o -G rav im e tr ic  A n a ly s is  (TG A ), X -ray  
F lu o re sc en ce  (X R F ) sp ec trom e try  a n d  S c an n in g  e le c tro n  M ic ro sco p y . T h e  sp 2 /sp 3  c a rbon  
b o n d in g  ra tio s  fo r  D PM  and  co a l d u s t w e re  d e te rm in ed  as 6 .1  an d  0 .7 , re sp ec tiv e ly , from  
X PS . P r in c ip a l C om pon en t A n a ly s is  (PCA ) w as su cc e ss fu lly  im p lem en te d  as a  to o l fo r  
d is tin g u ish in g  b e tw een  th e  v e ry  s im ila r  D PM  and  co a l d u s t R am an  sp ec tra , w ith  o v e r  9 9%  o f  
th e  v a ria n ce  c o n ta in ed  in  th e  f irs t  p r in c ip a l com pon en t.
D PM  and  co a l d u s t m ix tu re s  w ith  k n ow n  com po s itio n s  w e re  p ro d u ced . R am an  in s trum en ta l 
p a ram e te rs  w e re  sy s tem a tic a lly  o p tim ised  b y  v a ry in g  th e  o b je c tiv e  le n se s , a cq u is itio n  tim es  
and  la se r  p ow e rs , to  im p ro v e  sp ec tra l and  ob ta in  th e  m o s t re p ro d u c ib le  in te g ra te d  sp ec tra l 
areas . A  ro ta tio n  s tag e  w as  d e v e lo p ed  and  em p lo y ed  to  sp in  th e  sp ec im en s  d u r in g  an a ly s is , 
re su ltin g  in  a  la rg e r  sam p lin g  a rea . T h is  re su lte d  in  a  m o re  re p re se n ta tiv e  sam p lin g  re g im e  fo r  
th e  h e te ro g en eo u s  sp ec im en s  an d  a  c o n s id e ra b le  im p ro v em en t in  th e  re p ro d u c ib ility  o f  
in te g ra ted  sp ec tra l a reas . T h e  e rro r  in  th e  in te g ra te d  sp ec tra l a reas  o f  10 re p lic a te  sp ec tra  o f  
d iffe ren t m ix tu re s  ra n g ed  from  5 -22%  b e fo re  im p lem en ta tio n  o f  th e  ro ta tin g  s tag e  a n d  w as 
n o tab ly  re d u c ed  to  2 -6% due  to  th e  ac tio n  o f  sp inn ing .
R am an  sp ec tra  o f  m ix tu re s  w e re  u sed  to  c o n s tru c t a  P a rtia l L e a s t S q u a re s  (PL S ) m od e l. T h e  
R 2 v a lu es  fo r  th e  D PM  and  co a l d u s t w e re  0 .8 6 5  an d  0 .7 63 , re sp ec tiv e ly . T h e  d if fe ren tia l 
b um -o f f  o f  v o la tile  o rg an ic s  d u rin g  th e  R am an  an a ly s is  d u e  to  lo c a lise d  h e a tin g  f rom  th e  la se r  
h in d e red  th e  a b ility  to  g a in  h ig h ly  re p ro d u c ib le  sp ec tra  an d  th u s  m a rk ed ly  a ffe c ted  th e  PLS  
m ode l. A  m e th o d  d ev e lo pm en t s tag e  a im ed  a t im p ro v in g  th e  R 2 v a lu e s  w as  a p p lie d  to  th e  
sam p les . T h is  in v o lv ed  h e a t- tre a tin g  th e  sp ec im en s  to  625°C  in  an  in e r t n itro g en  a tm o sph e re , 
b e fo re  th e  R am an  an a ly s is . T h e  re su lta n t PLS  m od e l, a f te r  h e a t- tre a tm en t, d ram a tic a lly  
im p ro v ed  th e  R 2 v a lu es  su ch  th a t th e  D PM  and  co a l d u s t w e re  0 .9 7 4  a n d  0 .9 07 , re sp ec tiv e ly . 
T h is  m od e l w as u sed  to  p re d ic t th e  c om po s itio n  o f  a  te s t sam p le  w ith  k n ow n  am oun ts  o f  D PM  
and  co a l d u s t. T h e  c o n cen tra tio n s  p red ic te d  b y  th e  m od e l w e re  166 ±  3 .9 p g  fo r  th e  D PM  and  
6 8  ±  7 .8jxg fo r  th e  co a l d u s t. T h e  m ode l s lig h tly  o v e re s tim a te d  th e  am ou n t o f  D PM  p re s en t in  
th e  sam p le  b u t g av e  a  la rg e  u n d e re s tim a tio n  o f  th e  co a l d u s t c o n ten t. T h e  d ia g n o s tic s  o f  th e  
m od e l w e re  in v e s tig a te d  and  re com m end a tio n s  fo r  th e  im p ro v em en t o f  fu tu re  m o d e ls  w e re  
g iv en .
I n t r o d u c t io n
D ie se l em is s io n s  a re  c la s s if ie d  as a  p o ten tia l o ccu p a tio n a l c a rc in o g en  a n d  h av e  a  n um b e r  o f  
o th e r  n e g a tiv e  h ea lth  e ffe c ts  a s so c ia ted  w ith  th e ir  e x p o su re .1 Sm a ll n a n o p a r tic le s  a re  p re sen t 
in  th e  em iss io n s . T h e se  a re  c a lle d  d ie se l p a r tic u la r  m a tte r  (D PM ) an d  a re  o f  p a r t ic u la r  co n ce rn  
b e cau se  th ey  a re  re ad ily  re sp ira b le  an d  m o re  e a s ily  re ta in ed  in  th e  d eep  re c e s se s  o f  th e  lu ng s , 
c au s in g  ad v e rse  h ea lth  e ffe c ts . D u e  to  th e  r isk s  a sso c ia ted  w ith  e x p o su re  to  D PM , 
o ccu p a tio n a l e x p o su re  lim its  h av e  b e en  e s ta b lish ed  in  som e  c o u n trie s . T h e  co a l m in in g  
in d u s try  is o n e  p a r tic u la r  a re a  w he re  th e  u se  o f  d ie se l-p ow e red  m a ch in e ry  is  on  th e  in c rea se , 
d u e  to  th e  d e v e lo pm en t o f  n ew  m o re  e ff ic ie n t te ch n o lo g ie s . I t  is  b e lie v ed  th a t  e lem en ta l 
c a rb o n  (EC ) is  th e  m o s t re lia b le  o v e ra ll m ea su re  o f  e x p o su re  to  d ie se l e x h a u s t .2 H ow ev e r, 
c u rren t an a ly tica l m e th o d s  can  n o t e ffe c tiv e ly  d is tin g u ish  b e tw een  th e  E C  from  co a l d u s t and  
EC  from  D PM . T h is  m ak es  it v ir tu a lly  im p o ss ib le  to  m o n ito r  o c cu p a tio n a l e x p o su re  lev e ls  to  
D PM  in  a  co a l m in e . D ie se l e n g in e  em is s io n s , co n tro l a n d  d e te c tio n  a re  d is c u s s e d  m o re  
th o ro u g h ly  in  c h ap te r  1 .
T h e  c a rb on  from  D PM  and  th e  c a rb o n  from  coa l d u s t a re  e x p ec te d  to  h av e  d if fe ren t s tru c tu re s  
d u e  to  th e ir  d iffe ren t m od es  o f  fo rm a tio n . R am an  sp ec tro sc o p y  h as  p re v io u s ly  b e en  u sed  to  
d e te rm in e  th e  p a r tic le  s ize  a n d  s tru c tu re  o f  a  w id e  v a rie ty  o f  d if fe ren t c a rb o n ac eo u s  
m a te r ia ls .3*7 So , th is  m e th o d  m ay  h av e  th e  p o ten tia l to  d is tin g u ish  b e tw een  E C  from  co a l d u s t 
and  E C  from  D PM , in  m ix tu re s . T h e  p r in c ip a l a im  o f  th e  p re s e n t w o rk  w as  to  d ev e lo p  a 
R am an  sp ec tro sco p y -b a sed  m e th o d  to  an a ly se  c a rb o n -b a sed  p a r tic u la te s  in  m ix tu re s  p ro d u c ed  
from  D PM  and  co a l d u s t in  co a l m in e s . S p ec tra  o f  p a r tic u la te s  f rom  th e  d if fe re n t so u rc e s  a re  
v e ry  s im ila r  a n d  it  is  n o n -tr iv ia l to  c h a rac te rise  q u an tita tiv e ly  e ach  sep a ra te  c a rb o n  ty p e , le t 
a lo n e  sep a ra te  th em  in  a  m ix tu re . I t is  th e re fo re  n e ce s sa ry  to  fo llow  c a re fu lly  d e s ig n ed  an d  
co n tro lle d  e x p e r im en ts  in  o rd e r  to  ach iev e  th e  o b je c tiv e s . T h e se  e x p e r im en ts  w ill in c lu d e :
1) E x p lo ra tio n  o f  th e  d e ta ile d  sp ec tra l c h a rac te ris tic s  o f  e ach  p a r tic u la te  ty p e  an d  th e  
s en s itiv ity  o f  th e  R am an  sp ec tra  to  su ch  v a riab le s  as la se r  p ow e r, e x p o su re  tim e  and  
m ic ro sco p e  o b jec tiv e .
2) P e rfo rm in g  a fe a s ib il ity  s tu dy  on  th e  R am an  sp ec tra  o f  th e  in d iv id u a l m a te ria ls . A
com pa riso n  o f  R am an  sp ec tra  o f  c a rbon  p a rtic le s  f rom  co a l d u s t a n d  D PM , u s in g  a  q u a lita tiv e
p rin c ip a l c om po n en t a n a ly s is  (PCA ) m ode l, w ill b e  em p loy ed . T h e  re su lts  fo rm  th is  m ode l
can  b e  u tilis e d  to  d e te rm in e  i f  th e re  is a  s ig n if ic an t d iffe ren ce  b e tw een  th e  co a l d u s t an d  th e  
D PM  sp ec tra  f o r  it  to  b e  a  p o te n tia l m e th o d  fo r  d is tin g u ish in g  b e tw een  co a l d u s t a n d  D PM  in  
m ix tu re  sam p les
3) C a lib ra tio n  o f  e ach  so u rce  s ep a ra te ly  ag a in s t k n ow n  (g rav im e tric a lly  d e te rm in ed )  
s tan d a rd s , c o lle c te d  u n d e r  k n ow n  cond itio n s .
4 ) P ro d u c tio n  o f  a  se t o f  m ix tu re  s tan d a rd s  w ith  k now  am oun ts  o f  co a l d u s t a n d  D PM . T h e se  
s tan d a rd s  c an  th en  b e  an a ly sed  b y  R am an  m ic ro sco p y  and  th e  re su lta n t s p e c tra  in c o rp o ra te d  
in to  a m u ltiv a r ia te  c h em om ec tr ic  m od e l su ch  as p a rtia l le a s t sq u a re s  (PLS ).
5 ) O n ce  a  s a tis fa c to ry  m ode l h a s  b een  d ev e lo p ed  it c an  b e  u sed  to  d e te rm in e  th e  am oun ts  o f  
D PM  and  co a l d u s t in  f ie ld  s am p les  (u n k n ow n s) from  a  co a l m ine .
T h e  D PM  and  co a l d u s t s am p les  a re  a lso  b e  s tu d ied  b y  X PS , F T IR , T G A , X R F , a n d  SEM , to  
g iv e  com p lem en ta ry  in fo rm a tio n  an d  a  m o re  th o ro ugh  ch a rac te r is a tio n  o f  th e  s am p le s  b e in g  
an a ly sed  by  R am an  m ic ro scopy . X PS  is u sed  to  d e te rm in e  th e  e lem en ta l c om p o s itio n  an d  ge t 
an e s tim a tio n  o f  th e  c a rbon  b o n d in g  h y b rid isa tio n  o f  th e  su rfa ce  la y e r  o f  th e  sam p le s , b o th  o f  
w h ich  a re  u n av a ilab le  from  a  R am an  sp ec tro sco p y  ana ly s is . F T IR  is u s e d  to  g iv e  
com p lem en ta ry  an d  a dd itio n a l in fo rm a tio n  on  th e  o rg an ic  fu n c tio n a l g ro u p s  o f  m o le cu le s  
p re sen t in  th e  sam p les . T G A  is  u sed  to  e s tim a te  th e  d if fe ren t am oun ts  o f  v o la ti le  o rg an ic  
c om pound s  p re sen t in  th e  D PM  and  co a l d u s t. X R F  is  u sed  to  d e te rm in e  th e  e lem en ta l 
c om po s itio n  o f  th e  co a l d u s t sam p le  b u lk  an d  is  c om p a red  to  th e  su rfa ce  e lem en ta l 
c om po s itio n , from  th e  X PS  ana ly s is . F in a lly , SEM  im ag es  a re  c o lle c te d  to  g e t an  id e a  o f  th e  
d is tr ib u tio n  o f  th e  s am p les  on  th e  q u a rtz  f ib re  filte rs , th e  su b s tra te  on  w h ich  th ey  w e re  
co llec ted . T h e  p rin c ip le s  o f  R am an  sp ec tro sco p y  and  th e  a lte rn a tiv e  e x p e r im en ta l te ch n iq u e s  
are e x p la in ed  in  c h ap te r  2 . T h e  re su lts  f rom  th e  a lte rn a tiv e  te ch n iq u e s  a re  d is c u s s e d  in  c h ap te r  
4 . R am an  sp e c tro sco p y  o f  g raph itic  and  d iam on d  lik e  c a rb o n  (D C L ) m a te r ia ls  is  d is c u s s e d  in  
c h ap te r  3. T h e  re su lts  o f  th e  R am an  an a ly s is  o f  th e  c a rb o n ac eo u s  sam p le s , an a ly sed  in  th e  
p re sen t w o rk , a re  p re sen te d  in  c h ap te r  5.
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C h ap ter
1
D ie se l E n g in e  
E m iss io n s  C on tro l 
an d  
D ete c t io n
1 . D ie s e l  e n g in e  e m is s io n s ,  c o n tr o ls  a n d  d e t e c t io n
1 .1 . I n t r o d u c t io n
In  1892 th e  G erm an  en g in ee r  R udo lp h  D iese l d ev e lop ed  an  a lte rn a tiv e  en g in e  ty p e  from  
the  s tand a rd  p e tro l eng ine , w h ich  h ad  b een  in tro du ced  30  y ears  p rev iou s ly . T h is  b ecam e  
know n  as th e  d iese l eng in e  and  w as cap ab le  o f  spon tan eou s  com bu stio n  o f  liq u id  fu e l 
w ith ou t requ irin g  sp a rk  ign ition . T h is  eng in e  h ad  low  e ffic ien cy  and  w as n o t w id e ly  u sed  
un til it w as red ev e lo p ed  in  th e  1 920 ’s. T he  en g in e ’s u se  rap id ly  in c re ased  du e  to  its  h igh  
re liab ility , ro bu s tn e ss  and  fu e l econom y . In  th e  1 950 ’s d iese l eng in es  b ecam e  th e  
co nven tio n a l p ow e r u n it u sed  in  th e  U .S . ra ilw ay , h eavy  con stru c tio n , m in ing  and  
fa rm ing  in du strie s . A n  in c rease  in  g loba l p opu la rity  o f  d iese l eng in es  soon  fo llow ed . 
A lthough  d ie se l eng in es  a re  e ffic ien t and  re liab le  th ey  a re  n o t as p o p u la r  fo r  u se  in  
comm erc ia l v eh ic les  due  to  b e ing  genera lly  n o is ie r  and  th e ir  em ission s  b e in g  m ore  
odo rou s  th an  th e ir  p e tro l coun te rpa rts . H ow ever, d ie se l fu e l and  en g in e  te ch no lo gy  are  
con stan tly  b e ing  im p roved  re su ltin g  in  o ngo ing  redu c tio n s  in  em ission s  and  no ise .
t 3
T he re fo re  a con tin u ed  g row th  in  th e ir  u se  is expec ted . '
G as phases  such  as C O 2, h yd ro ca rbon s  (H C ), N O  &  N O 2 (NO x) a re  th e  m a in  em ission s  
fo r p e tro l eng in es . H ow ever, p a rticu la te  m a tte r (PM ) is th e  m ain  c o n s titu en t o f  the  
em issions from  d iese l eng in es  b e ing  20 -100  tim es g re a te r  th an  p e tro l. T h e re  a re  a lso  
h ig h e r leve ls  o f  N O x  em itted  from  d ie se l eng in es . A  re cen t A m erican  s tu dy 4 con c lu d ed  
th a t in  C a lifo rn ia  d ie se l eng in es  w ere  re sp on sib le  fo r  30%  o f  N O x  and  65%  o f  PM  in  th e  
air, b u t on ly  a ccoun t fo r 2%  o f  th e  on -ro ad  popu la tio n . A  s ig n ific an t p ro p o rtio n  o f  d ie se l 
p a rticu la te  m a tte r  (D PM ) has an  ae rodynam ic  d iam e te r o f  le ss  th an  1pm , m ak ing  th em  
read ily  re sp ira b le .5 H ence , an  in c rease  in  th e  u se  o f  d ie se l p ow e red  eq u ipm en t causes  
concern  du e  to  th e  p o ten tia l h ea lth  r isk  and  env ironm en ta l d am age , w h ich  can  o c cu r as a 
re su lt o f  expo su re  to d ie se l em issions. T h is  has  p rom p ted  num erou s  s tu d ie s  in v o lv in g  th e  
ch a rac te risa tio n  o f  d ie se l em ission s  and  in v es tig a tio n s  in to  th e  p o ss ib le  h ea lth  e ffec ts  
from  expo su re  to  them . C harac te ris ing  d ie se l em ission s  has  in vo lv ed  s tud ie s  on  th e  
com po sitio n  o f  d ie se l em ission  p roduc ts  and  e s tim a tion  o f  d ie se l p a rticu la te  m a tte r
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(D PM ) s ize  d is trib u tio n s , in  an  a ttem p t to  id en tify  p o ss ib le  h a rm fu l com pound s  and  th e  
levels  o f  re sp irab le  pa rtic le s . In ves tig a tion s  o f  adverse  h ea lth  e ffec ts  in c lude  s tu d ie s  on  
bo th  hum ans  and  an im als . T hese  com pare  th e  p rev a len ce  o f  th e  h ea lth  p rob lem s, 
a ssoc ia ted  w ith  d iese l em ission s , in  p opu la tio n s  expo sed  to  h ig h  leve ls  o f  em iss io n s  to  
p opu la tio n s  w ho  are  con sid e red  unexpo sed . In  th is  ch ap te r  w e  w ill d iscu ss  d iese l eng ine  
em ission s , th e ir  p o ss ib le  h ea lth  e ffec ts  and  th e  m e thod s  o f  con tro llin g  and  d e tec ting  
exposu re .
1 .2  D ie se l em iss io n  p ro d u c ts :
Su lfu r ic  A c id  Particle*
Solid CorbeuattODS PistiiSci with 
Adsorbed HfdrocKboo I Sulftifc .
O  \  \ / O
K y d fo c ja b o u  t S u lfa te  P a r tic lea
F ig u r e  1 .2 .1 : T yp ica l com position  and  s tru c tu re  o f  eng in e  ex h au s t p a rtic le s2
Lmfeumt Fuel 
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F ig u r e  1 .2 .2 : T yp ica l p a rtic le  com position  fo r a  heavy -du ty  d ie se l eng in e2
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D iese l exh au s t con ta in s  p roduc ts  o f  com p le te  a ir  and  ca rbon  com bu stio n , C O 2, N , H 2O, 
and  p roduc ts  o f  in com p le te  com bustion  CO , NO , N O 2, h y d ro ca rb on s  (H C ); p a rtia lly  
o x id ised  H C s such  as a ld ehydes , k e tones , pheno ls , P A H ’s su ch  as flu ro en e , f luo ran th ene , 
p y rene , n aph th a len e , p h en an th ren e  and  an th racen e .5'8 U n bum ed  fu e l and  ev apo ra ted  lu be  
o il a re  m a jo r con trib u to rs  to  th e  h yd ro ca rbon  con ten t o f  d ie se l em iss io n s . S u lp hu r p re sen t 
in  th e  fu e l is m o stly  o x id ised  to  SO 2 b u t som e is o x id ised  to  SO 3 w h ich  in  tu rn  leads 
su lphu ric  ac id  and  su lp h a te s .9' 11 D PM  is m a in ly  sub -m ic rom e te r a gg lom era te s  o f  
spherica l p a rtic le s . T h ey  p rin c ip a lly  con sis t o f  ca rbonaceou s  m a te ria l w ith  tw o  
com ponen ts ; e lem en ta l ca rbon  (EC ) (typ ica lly  4 0 -60% ) and  o rg an ic  c a rb on  (O C ) in  the  
fo rm  o f  h y d ro ca rbon s  and  h yd ro ca rbon  d e riv a tiv e s  ad so rbed  o r c o nd en sed  on  th e  su rface  
o f  th e  EC  p a r tic le s .1’12' 14 T race  m eta ls  and  m eta l ash , such  as a lum in ium , iro n , titan ium  
and  b a rium , h ave  b een  observed . W a te r-so lub le  ion ic  spec ie s  th a t h av e  b e en  de tec ted  
in c lu d e  su lpha te , n itra te , ch lo rid e , amm on ium , sod ium , p o ta ss ium , m agn es ium  and  
ca lc ium . T hese  o rig in a te  from  o rg anom eta llic  add itiv es  to  th e  lu b rica tin g  oil, trace  
e lem en ts  in  fu e l and  w ear and  co rro s ion  o f  eng in e  and  ex h au s t sy s tem s .10' 12 T yp ica l 
p a rtic le  com po sitio n s  and  s truc tu res  a re  show n  in figu res  1 .2 .1  and  1 .2 .2
1 .3  P a r t ic le  s iz e  d is t r ib u t io n
Severa l m e thod s  h ave  b een  u sed  to  e s tim ate  th e  s ize  d is trib u tio n s  and  num be rs  o f  D PM . 
T hese  in c lu d e  d iffe ren tia l m ob ility  p a rtic le  s izers  (DM PS ), a e rodynam ic  p a rtic le  s izers  
(A PS ), op tica l p a rtic le  coun te r (O PC ) and  m ic ro -o rifice  u n ifo rm  d ep o s it im pac to rs  
(M OUD Is ) .10,15,16 A  typ ica l eng ine  exh au s t s ize  d is trib u tio n  show ing  b o th  m ass  and  
num be r w e igh tin g s  is show n  in  fig . 3. I t  has b een  ob se rv ed  th a t o v e r 80%  o f  p a rtic le  m ass  
is in  th e  0 .05 to  1 pm  ae rodynam ic  d iam e te r rang e  w ith  th e  p e ak  o f  m ass  s ize  d is trib u tio n  
at ap p rox im a te ly  0 .1 pm . Th is  is know n  as th e  accum u la tio n  m ode . C om bu stio n  g en era ted  
pa rtic le s  a re  ty p ica lly  agg lom era tes  o f  p rim ary  p a rtic le s  th a t h av e  d iam e te rs  o f  0 .015  to 
0 .0 4pm . T he  accum u la tio n  m ode  con sis ts  o f  ca rbonaceou s  ag g lom era te s  and  ad so rb ed  
o rg an ic  m a te ria l. T h e  agg lom era tion  is due  to  th e  re la tiv e  m ovem en t and  re su ltin g  
co agu la tio n  o f  th e  spheru les  and  th e ir  sm all c lu sters . T h e  dom in a tin g  m ech an ism  
p roduc ing  agg lom era tes  in  d ie se l exh au st is th o ugh t to  be  B row n ian  m ovem en t.
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F igu re  1.3.1: Typical engine exhaust size d istribution, both mass and number weighting shown25
The  n uc le i m ode  (show n  in  figu re  1.3) ty p ica lly  con sis ts  o f  p a rtic le s  in  th e  0 .005  to  
0 .0 5 pm  d iam e te r range. T h is  m ode  u su a lly  consis ts  o f  v o la tile  o rgan ic  and  su lphu r 
com pounds  th a t fo rm  du ring  e xhau s t d ilu tio n  and  coo ling , and  m ay  a lso  con ta in  so lid  
carbon  and  m eta l com pounds. It can  con ta in  from  1-20%  o f  th e  p a rticu la te  m ass  b u t up  to  
90%  o f  th e  pa rtic le  n um ber. T he  coarse  m od e  w ith  pa rtic le s  o v e r 1 pm  h as  5 -20%  o f  th e  
pa rtic le  m ass  and  o rig in a te  from  accum u la tion  m ode  p a rtic le s  th a t h ave  b een  d epo sited  
on  cy linder and  exhau st sy stem  su rfaces  and  la te r re -en tra in ed .10"13,17,18’19 F u rth e r s tud ie s  
have  been  carried  ou t on  th e  m e ta llic  and  ion ic  spec ie s  o f  D PM .4 A lum in ium , fo r 
exam p le , h as  b een  ob served  to  have  tw o  m odes  th e  1st w ith  a  m ass  d is tr ib u tio n  p e ak  a t 
0 .1 pm  and  a  2 nd sm alle r one  be tw een  0.3 and  0 .4pm . Ion ic  spec ie s; sod ium , am m on ium  
and su lpha te  a lso  show  a  b im oda l m ass  s ize  d is trib u tio n  th e  firs t a t a pp rox im a te ly  0 . 1pm  
and a  2 nd b e tw een  0.3 and  1pm .
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1 .4  F a c to r s  a f f e c t in g  d ie s e l  e x h a u s t  e m is s io n  p r o d u c t s  a n d  s iz e  d i s t r ib u t io n s
D riv ing  cond itio n s , in sp ec tio n  and  m a in ten an ce  o f  th e  v eh ic le , fu e l, e n g in e  ty pe , a fte r 
tre a tm en t dev ices  such  as c a ta ly tic  converte rs  and  p a rtic le  traps, o p e ra to r  h ab its , du ty  
cyc le , lube  oil con sum p tion , am b ien t a ir  tem pera tu re  and  hum id ity  a ll a ffe c t d ie se l
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em ission  p roduc ts . ’
N O x  occu rs  a t h igh  tem pera tu res  w he re  th e  a ir /fue l m ix tu re  is abou t 1:1. H C , CO  and  PM  
in c rease  u nde r cond itio n s  o f  in com p le te  com bu stio n  such  as low er com bu s tio n  
tem pera tu res  o r  p o o r fu e l and  a ir  m ix ing . A n  in v e rse  co rre la tio n  b e tw een  N O x  and  PM  
em ission s  is th e  m a jo r ch a lleng e  to  low ering  d ie se l em ission s . A dd itio n  o f  o x yg en a te s  to 
the  fu e l can  d ec rea se  PM  bu t in c rease s  N O x -  D iffe ren t a ltitudes  and  h um id ity  can  a ffec t 
eng in e  e ffic ien cy  and  em ission s  p roduc ts . H ig h e r a ltitudes  and  hum id ity  re su lt in  less 
o xygen  in  th e  a ir  in tak e  fo r  m ix ing  w ith  th e  fu e l in  th e  com bu stio n  ch am ber. T h is  re su lts  
in  an  in c rease  in  PM , CO  and HC  bu t a d ec rea se  in  N O x .  L ow er a rom a tic  c o n ten t can  
lead  to  a d ec rease  in  bo th  N O x  and  PM .11’4 A  redu c tio n  in  su lp hu r c o n ten t in  th e  fu e l can  
a lso  redu ce  th e  am oun t o f  p a rticu la te  m atte r. T h e  use  o f  a lte rn a tiv e  fu e ls  such  as 
b iod ie se l, a  fue l th a t can  be  m ade  from  ren ew ab le  b io log ica l sou rces  su ch  as v eg e tab le  
o ils  o r an im al fa ts , has been  repo rted  to re su lt in  a redu c tio n  o f  PM  em iss ion s , com pared  
to  p e tro leum  d ie se l .25 V OC  and  su lphu r com pound s  in  th e  gas p h ase  a t e x h au s t 
tem pera tu res  a re  tran sfo rm ed  to PM  by  n u c lea tio n  and  ad so rp tio n  as th e  e x h au s t d ilu te s  
and  coo ls . T h e  m a jo rity  o f  th ese  pa rtic le s  a re  ad so rb ed  on to  EC  agg lom era te s  b u t th ey  
can  a lso  fo rm  th e ir  ow n  pa rticu la te s , w ith  n anopartica l d iam eters , by  h om ogenou s  
nuc lea tion . T h e  redu c tio n  o f  c arbon  em ission s  w ith ou t redu c ing  V O C  can  re su lt in  an  
in c rease  in  n anopa rtic le  em ission s  b ecau se  th ey  h ave  le ss  ca rb on aceou s  agg lom era te s  to  
ad so rb  o n to .18 C a ta ly tic  converte rs  can  red u ce  to ta l p a rticu la te  em iss ion s  by  up  to  50%  
h ow ev e r D PM  co llec ted  a fte r ca ta ly tic  co nvers io n  has a n a rrow e r s ize  d is tr ib u tio n  and  a 
h ig h e r  p e rc en tag e  o f  pa rtic le s  sm alle r th an  0 .1pm .12,15
In  one  study  OC : EC  w as 0 .43  w ithou t c a ta ly tic  convers io n  and  0 .33  w ith . T h is  sugges ted  
th a t c a ta ly tic  convers io n  rem oves  OC  in  som e  p re fe ren ce  to  E C .13 Tw o  p o ss ib le  rea son s  
fo r th is  a re  as fo llow s:
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1) Sm a lle r p a rtic le s  h av ing  low er OC  to  EC  ra tio s  p en e tra te  th e  c o n v e rte r  m o re  easily
2 )  T h e  co n v e rte r  rem oves  co nden sab le  o rg an ic  g ases  from  th e  exhau st, h en ce  redu c ing  
th e  am oun t o f  o rg an ics  tran spo rted  to  th e  p a rticu la te  p h a se  a fte r  th e  converte r .
PM  em iss ion s  from  h eavy -du ty  eng in es  a re  g re a te r  th an  lig h t du ty  e n g in es  b u t h av e  no  
s ig n ific an t d iffe ren ce  in  th e ir  s ize  d is trib u tio n s . N ew e r m o re  e ffic ien t eng in es  u se  
tu rbo cha rg ed  fu el in jec tio n , w h ich  h e lp s  redu ce  to ta l em ission s . H ow eve r, th is  ty p e  o f  
eng in e  has b een  found  to  p ro du ce  em ission s  w ith  a h ig h e r  p e rc en tag e  o f  f in e  p a rtic le s  
than  an  eng in e  w ith  n a tu ra lly  a sp ira ted  a ir  inha la tion . In  som e  in s tan ces  th e se  m o re  
e ff ic ien t eng in es  em it a round  4  tim es m o re  p a rtic le s  th an  the  o ld e r e n g in e s .11,15 
In  summ ary , th e  u se  o f  c a ta ly tic  converte rs , p a rtic le  trap s , h ig h -p re ssu re  in je c tio n  
sy stem s o r  tu rb o -ch a rg in g  sy stem s and  fu e l add itiv e s  has re su lted  in  th e  g radua l redu c tio n  
o f  to ta l PM  bu t in c reased  the  n um ber o f  sm a lle r p a rtic le s .
1 .5  H e a l th  e f f e c t s  a s s o c ia t e d  w ith  d ie s e l  em is s io n  e x p o s u r e
D iese l em ission s  h av e  b een  c la ss ified  as ‘a  p o ten tia l o ccupa tio n a l c a rc in o g en ’ by  N IO SH  
s in ce  1988 and  as ‘a  p ro b ab le  o c cu p a tio n a l’ c a rc inog en  by  th e  IRA C  and  th e  E PA  s in ce  
1989 and  1990 re sp ec tiv e ly .20,26 N um erou s  s tu d ie s  h ave  b een  c a rried  o u t w h ich  sugges t 
th a t lo n g -te rm  expo su re  to  h igh  leve ls  o f  d ie se l em ission s  can  p rom o te  lu ng  cance r.
’ ’ ’ ’ T h e  risk  is e s tim a ted  by  com paring  th e  o ccu rren ce  o f  lu ng  c an c e r  in  an  expo sed  
p opu la tio n  w ith  th a t o f  a  popu la tio n  con sid e red  to  b e  un expo sed . In  m o s t case s  th e  risk  
has b een  e stim a ted  to  b e  1.2 to  1.5 tim es g re a te r  fo r  th e  expo sed  popu la tio n . H ow eve r, 
m any  o f  th e  s tud ie s  a re  con sid e red  to  b e  u n re liab le  b ecau se  th e  risk s  h av e  b e en  e s tim a ted  
by  in ad equa te  m e thod s , p o o r  experim en ta l d e s ig n  and  risk  fig u res  p o sse ss  c o n s id e rab le  
unce rta in tie s . A  n um be r o f  s tu d ie s  fa iled  to  a ccoun t fo r  c o n trib u tio n s  from  con fo und in g  
fac to rs  such  as sm ok ing  hab its , age, non -d ie se l p a rticu la te  expo su re , so c io econom ic  and  
d ie ta ry  e ffec ts . In  ce rta in  cases  v ita l in fo rm ation  abou t th e  sub jec ts  su ch  as fu ll 
em p loym en t reco rd s  and  m ed ica l h is to rie s  w e re  no t tak en  in to  accoun t.
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Expe rim en ts  h ave  b een  c a rried  ou t on  ra ts , w h ich  re su lted  in  an  in c re ase  in  th e  
d ev e lopm en t o f  lung  tum ou rs . D ue  to  the  sho rt life  o f  an im a ls  it w as n ece ssa ry  to  g ive  
h ig h  expo su res  o v e r a  sho rt p e rio d  o f  tim e  to  th e  ra ts . It has  b een  a rg u ed  th a t th e  
d ev e lopm en t o f  lu ng  tum ou rs  occu rred  due  to  o v e rw he lm ing  th e  d e fen ce  m echan ism s o f  
th e  ra ts  w ith  such  h igh  doses , ra th e r  th an  a  m u tag en ic  e ffec t c au sed  by  th e  em ission s. 
S im ila r tests  w ere  c a rried  o u t on m ice  and  gu in ea  p ig s  w ith  n eg a tiv e  re su lts . A lso , it is 
g en era lly  a ccep ted  th a t such  s tu d ie s  on  an im als  can  on ly  b e  u sed  as an  in d ic a tio n  o f  
can ce r risk  in hum ans  b ecau se  m any  an im al spec ie s  h av e  an  in c re ased  in c id en ce  o f
i / c  ' j o
certa in  m a lig n an t tum ou rs  th a t do  no t o ccu r in  m an. ’ ’ ’ A lth o ugh  th e re  is no  
co n c lu s iv e  ev id en ce  to  p rov e  th a t D PM  causes  lu ng  c an ce r it h as  re ce iv ed  its 
c la ss ifica tio n  as a p ro b ab le  ca rc inogen  due  to  th e  p re sen ce  o f  som e  o rg an ic  com pounds  
and  in  p a rtic u la r  PAH s and  n itro -PAH s w h ich  h ave  b een  u n q u es tio n ab ly  p ro v en  to  be  
g eno tox ic  ca rc inogen s . P h en an th ren e , m e ty lph en an th ren e , f lu ro an th ren e  and  
b en zo [a ]p y re n e  a re  all e ffec tiv e  m u tagens. B enzene , fo rm a ld ehyd e  and  b u tad ien e  are
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s trong  ca rc in ogen s , w h ile  n itro a ren es  p rom o te  m u tagen ic ity . ’ ’
T he  h igh  n um ber o f  subm ic ron  pa rtic le s  p re sen t in  d ie se l em ission s  a lso  cau ses  concern  
as th e  s ize  o f  a re sp irab le  p a rtic le  de te rm ines  w here  it is d epo sited  in  th e  re sp ira to ry  trac t. 
S ubm icron  p a rtic le s  h ave  a  h igh  p ro b ab ility  o f  d epo sitio n  d eep e r in  th e  re sp ira to ry  trac t, 
a re  n o t c lea red  as e ffic ien tly  from  th e  lungs and  m ay  p en e tra te  in to  th e  su rface  tissu e  
m ore  easily . Sm a lle r pa rtic le s  h av e  a la rg e r su rface  a rea  re su ltin g  in  th em  h av in g  a la rg e r 
p ropo rtio n  o f  ad so rb ed  o rg an ic  m a te ria l th a t m ay con ta in  m u tag en s  and  ca rc inogen s . 
T h e re fo re  expo su re  to  th ese  pa rtic le s  is lik e ly  to  tr ig g e r  o r  ex ace rb a te  re sp ira to ry  
d ise a se s .1,15,10 I t  has b een  sugges ted  th a t th e  sm all p a rtic le s  th em se lv e s  a re  re sp on s ib le  fo r 
tum ou r re sp on se  ra th e r  th an  th e  ad so rbed  o rg an ic  m a te ria l .10 F u r th e r  w o rk  has  b een  
carried  o u t to  com pare  th e  resu lts  o f  expo sing  ra ts  to  D PM  and  ca rbon  b la ck  w h ich  w as 
a lm ost p u re  ca rbon  w ith  s im ila r p a rtic le  s izes. S im ila r re su lts  w e re  o b se rv ed  fo r  b o th  the 
D PM  and  ca rbon  b lack , w h ich  sugges ts  th a t can ce r m ay  be  du e  to  an  ov e rw he lm ing  o f  
the  ra ts ’ c lea ran ce  sy stem  o r lu ng  overlo ad . T he  e ffec ts  du e  to  th e  ad so rb ed  hyd ro ca rb on s  
still c anno t be  ru led  ou t as th e  o v e rw he lm ing  e ffec ts  o f  th e  p a rticu la te  m ay  h av e  m asked
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th e ir  e ffec t. C an ce r  m ay  be  due  to  n o ngeno tox ic  m echan ism s (no  d ire c t in te ra c tio n  w ith  
th e  D NA ) a t h ig h  expo su re  and  p e rh ap s  a g eno tox ic  e ffec t a t low  e x p o su re .29 
E xpo su re  to  d ie se l em ission s  can  a lso  cau se  m any  non -m a lign an t h ea lth  e ffec ts .
T hese  m ay  in c lud e  in c reased  p rev a len ce  o f  cough , ph legm , lab ou red  b rea th in g , w heez ing  
and  headache . D PM  can  ex ace rb a te  a sthm a, b ronch itis  and  o th e r  ch ro n ic  p u lm ona ry  
d iseases . A n  in c rease  in ca rd iac  and  re sp ira to ry  death s  has  b een  a sso c ia ted  w ith  an  
in c rease  in  PM . T he  gas  p h ase  o f  th e  em ission s  can  con ta in  CO , N OX , a ld ehyd es  and  
HC , w h ich  a lso  con tr ib u te  to  eye , no se  and  th ro a t irr ita tio n .1,2,23
1 .6  D ie s e l  em is s io n  S t a n d a r d s 1,30”31,32
1 .6 .1  I n t r o d u c t io n
T he  coun trie s  acro ss  th e  w o rld  h ave  d iffe ren t em ission  s tanda rd s  fo r  d iffe ren t types  o f  
d ie se l eng ines . T hese  in c lud e  h eavy -du ty  eng in es , ligh t d u s ty  eng in es , o ff-ro ad  eng in es , 
lo com o tiv e s , m arin e  eng in es  and  pub lic  tran spo rt veh ic les .
In  1996 th e  Sw ed ish  g ov e rnm en t ev en  in troduced  “E nv ironm en ta l Z o n e s” w h ich  
p roh ib ited  th e  u se  o f  o ld  and  h igh ly  p o llu tin g  h eavy -du ty  v eh ic les  in  tow n  cen tres , hence  
im p rov ing  am b ien t a ir  qua lity . H ow eve r, th e  on ly  coun trie s  to  in tro du ce  sp ec ific  
o ccupa tio n a l h ea lth  regu la tio n s  a re  th e  U SA  and  G erm any . O th e r coun trie s , in c lu d in g  the 
UK , u se  th ese  s tanda rd s  as g u id e  w hen  d ev e lop ing  m e thod s  fo r  e s tim a tin g  o ccup a tio n a l 
expo su res . T he  m ain  po in ts  o f  th ese  regu la tio n s  a re  la id  o u t b e low .
1 .6 .2  U S A  O c c u p a t io n a l  H e a l th  R e g u la t io n s
1 .6 .2 .1  A u th o r i t ie s
O ccupa tiona l h ea lth  and  sa fe ty  regu la tion s  a re  se t in  th e  U SA  by  tw o  ag en c ie s  w ith in  the 
D epartm en t o f  L abour:
- O ccupa tiona l S afe ty  and  H ea lth  A dm in is tra tio n  (O SHA ) fo r  g en era l o ccup a tio n a l 
env ironm en ts .
- M in e  S afe ty  and  H ea lth  A dm in is tra tio n  (M SHA ) is re sp on sib le  fo r  m in ing .
T hey  m ake  th e ir  law s b ased  on  re com m enda tio n s /g u id e lin e s  from  th e  Am erican  
C on fe ren ce  o f  G ove rnm en ta l Indu stria l H yg ien is ts  (A CG IH ), w h ich  e s tab lish  th e  
m ax im um  am b ien t con cen tra tio n  o f  tox ic  chem ica l substances .
1 .6 .2 .2  E x p o s u re  L im its  f o r  G a se s
E xpo su re  lim its  fo r  som e  o f  th e  gaseou s  po llu tan ts  p re sen t in  d ie se l e x h au s t a re  lis ted  in  
T ab le  1.2.1 T he  ex po su re  lim its  se t by  th e  d iffe ren t o rg an isa tio n s  a re  as fo llow s:
O SHA  = P e rm iss ib le  E xpo su re  L im its  (PEL ) (lega lly  en fo rceab le )
M SHA  =  TV L  (lega lly  en fo rceab le )
A CG IH  =  TV L  (recom m enda tio n s)
A ll lim its  are  8  h o u r tim e  w e igh ted  averages  (TW A ), un less  m ark ed  as c e ilin g  va lu es .




A C G IH
T V L
CO 50 50 25
c o 2 5000 5000 5000
NO 25 25 25
n o 2 ( c ) 5 5 3
H CHO 0.75 - (c) 0 .3
S 0 2 5 5*12** 2
T a b le  1 .6 .1 : E xpo su re  lim its  fo r  g aseou s  (ppm , TW A , 8  hou rs)
*- n o n - c o a l  m in e  
-  c o a l  m in e  
( c ) -  c e i l i n g  v a lu e
1 .6 .2 .3  E x p o s u re  L im its  f o r  P a r t i c u la te s
L ega l expo su re  lim its  fo r D PM  have  been  adop ted  by  M SHA  fo r  u n d e rg ro und  non -coa l 
m ines. C u rren tly , th e re  are  no  legal lim its  fo r D PM  in  g enera l o ccup a tio n a l se tting s  in  the 
U SA . D PM  expo su re  lim its  h ave  b een  p ropo sed  by  A CG IH  bu t n o t y e t b een  adop ted .
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1 .6 .2 .4  N o n -M in in g  E n v ir o n m e n t s
In  a 2001 repo rt on  in tend ed  changes  th e  A CG IH  recom m ended  a T LV  o f  0 .0 2m g /m 3 fo r 
d ie se l ex h au s t p a rticu la te s  m easu red  as EC . T he  A CG IH  firs t re com m ended  a TLV  o f  
0 .1 5m g /m 3 fo r D PM  in  1995 s in ce  th en  D PM  has rem a in ed  on  th e  lis t o f  in tend ed  
changes  b u t th e  T LV  has n ev e r  b een  fin a lised .
1 .6 .2 .5  U n d e r g r o u n d  M in in g
Jan  19th M SHA  pub lish ed  fin a l regu la tio n s  fo r  m e ta l/n on -m e ta l u n d e rg ro u n d  m in es  and  
coal m ines.
T he  m e ta l/n on -m e ta l m ine  ru le  adop ts  ex po su re  lim its  fo r  D PM . N o  lim its  h av e  b een  
in troduced  fo r  coa l m ines  b ecau se  o f  no  su itab le  m e thod  fo r  m easu rin g  D PM  in  th e  
p re sen ce  o f  coal dust.
T h e  lim it fo r  m e ta l/n on -m e ta l m ines is to  p hase  in  o v e r 5 y rs  s ta rting  Ju ly  19th 2 002  th ey  
m ust h ave  D PM  levels  low e r than  4 0 0 p g /m 3. E ffec tiv e  from  Jan  19th 2 006  th a t le v e l m ust 
b e  redu ced  to  1 6 0 |ig /m 3.
D PM  is d e fin ed  as to ta l c a rbon  (TC ) EC  + OC  bu t ex c lud es  m eta l a sh  o r  su lph a tes .
D PM  is m easu red  as to ta l carbon .
1 .6 .2 .6  M in in g  D ie s e l  E n g in e  R e g u la t io n s
M SHA  h ave  se t o th e r leve ls  in  o rd e r to p ro te c t w o rkers  from  d iese l em iss ion s .
A ll d ie se l eng in es  u sed  in  u nde rg round  m in es  requ ire  a  fo rm al M SHA  app rova l.
1 .6 .2 .7  C o a l M in in g  R e g u la t io n s
In  Janua ry  2001 a sp ec ific  eng in e  em ission  lim it o f  2 .5 g /h r  o f  D PM  w as  se t fo r  b o th  
p e rm iss ib le  and  n on -p e rm iss ib le  equ ipm en t, to  b e  ph ased  in  o v e r th e  n ex t 48  m on th s . 
T h e re  is an  in te rim  lim it o f  5 g /h r  fo r n on -p e rm iss ib le  m ach in es  b u t n o t fo r  p e rm iss ib le  
m ach ines . T h is  n ecessita te s  th e  u se  o f  p a rticu la te  trap s  in  o ld e r  eq u ipm en t b ecau se  o ld  
eng in es  w ith  no  a fte r-trea tm en t c an ’t m eet th is  re qu irem en t.
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1 .6 .2 .8  D ie s e l  F u e l  R e q u ir em e n t s
Coal m in ing  regu la tio n s  adop ted  in  1997 in trodu ced  th e  fo llow ing  d ie se l fu e l 
requ irem en ts :
M ax im um  su lphu r con ten t o f  5 00ppm  w t., f la shpo in t above  100°F, fu e l ad d itiv e s  h ave  to 
b e  EPA  reg is te red .
1 .6 .3  G e rm a n  O c c u p a t io n a l  H e a l th  R e g u la t io n s
1 .6 .3 .1  R e g u la to r y  A u th o r i t ie s
O ccupa tio n a l h ea lth  and  sa fe ty  (OH S) s tandard s  a re  b ased  on  th e  fed e ra l “C hem ica ls  
A c t” (g e tse tz lich e  G rund lag e  “C hem ika lieng e se tz ” ) and  on  a fede ra l g o v e rnm en t ru le , 
w h ich  add re sses  v a riou s  issues  re la ted  to  d angerou s  substances .
E xpo su re  lim its  in  th e  w o rkp lace  are  p ropo sed  by  a spec ia l sc ien tif ic  b o a rd  o f  D FG  
(D eu tsche  F o rschung sg em e in sch a ft) . T hen  d iscu ssed  w ith  all s tak eho ld e rs  w ith in  th e  
M AK -K omm iss ion . F in a l lim its  a re  e s tab lish ed  by  th e  G erm an  M in is try  o f  L abou r 
(B undesm in is te rium  fu r  A rbe it -  BM A ) th rough  TRGS  regu la tio n s  (te ch n isch e  R ege ln  
fu r  G efah rs to ffe ).
OHS s tanda rd s  a re  en fo rced  by  o ccupa tio n a l in su ran ce  o rg an isa tio n s  c a lled  
B eru fsg eno ssen sch a fen . T h e re  a re  35 B eru fsg eno ssen sch a fen  fo r  d iffe ren t a reas  o f  
indu stry . T hese  in su ran ce  o rg an isa tion s  p e rfo rm  variou s  fu n c tio n s , su ch  as a ir  q ua lity  
m easu rem en ts  a t th e  site , to  en su re  com p lian ce  w ith  the  regu la tio n s .
A ll B e ru fsg eno ssen sch a fen  h ave  a comm on  in s titu tio n  B IA  (B e ru fsg eno ssen sch a ftlich e s  
In titu t fu r A rb e its s ich e rh e it)  w h ich  pe rfo rm s m any  fun c tio n s , in c lu d in g  reg u la r  
p ub lica tio n  o f  all OHS lim its  and  ru le s . T h e  above  o rg an isa tio n  ex ten d s  to  all 
o ccupa tio n a l h ea lth  env ironm en ts  w ith  th e  ex cep tio n  o f  coal m in ing . U n til th e  y e a r  2002  
the  OHS  m atte rs  in  th e  coal m in ing  a re  th e  re spon sib ility  o f  s ta te  (L and ) m in ing  
au tho ritie s  ca lled  O be rbergbeho rde .
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1 .6 .3 .2  E x p o s u r e  l im it s
There  are  2 types  o f  expo su re  lim it and  once  e s tab lish ed  th ey  a re  b o th  leg a lly  b ind ing : 
-M AK  (M ax im ale  A rb e itsp la tzkonzen tra tio n ) m ax  cone  o f  a su b s tan ce  in  th e  am b ien t a ir  
in  th e  w o rkp lace , w h ich  has no  adverse  e ffec t on  w o rke rs  health .
-TRK  (T echn ish e  R ich tkonzen tra tio n ) m ax  cone  o f  a  sub stan ce  in  th e  am b ien t a ir  in  th e  
w o rkp lace  th a t can  be  a ch ieved  u sing  techn ica lly  av a ilab le  m easu res .
T ab le  1.6 .2: sum m arises  th e  expo su re  lim its  fo r  th e  m a jo r d ie se l e x h au s t p o llu tan ts
S u b s ta n c e p pm v m g /m 3 C a te g o ry *
CO 30 33 4
C 0 2 5000 9000 4
NO 25 30 -
N 0 2 5 9 1
HCHO 0.5 0 .6 1
S 0 2 2 5 1
D iese l P a rticu la te s  (EC ) 
tu nn e llin g  and  non -co a l m in ing
0 .3+ 4
D iese l P a rticu la te s  (EC ) 
o th e r app lica tio n s
- 0 .1+ -
T a b le  1 .6 .2 : M AK  expo su re  lim its  fo r d ie se l e xh au s t po llu tan ts .
*  -  A l l  v a l u e s  in  t h e  t a b l e  h a v e  t o  b e  m e t  a s  w o r k - s h i f t  t im e  w e i g h t e d  a v e r a g e s .  T h e  f o l l o w i n g  s h o r t - t e r m  e x p o s u r e  c a t e g o r i e s  a p p l y :
1 - c e i l i n g  v a l u e ,  n o t  t o  b e  e x c e e d e d  a t  a n y  p o i n t  i n  t im e ;  4 -  c e i l i n g  v a l u e  =  4 x  t h e  l im i t  v a l u e  
+  -  T R K  l im i t
The  d iese l p a rticu la te  em ission s  (DM E  -  D ie se lm o to ren em iss ion en ) a re  d e fin ed  as 
e lem en ta l c a rbon  (EC ). D iese l p a rticu la tes  a re  d e fin ed  as “p rob ab ly  c a rc in og en ic  fo r  
h um an s” . T h is  c lass ific a tio n  requ ire s  th a t th e  “b e s t av a ilab le  te ch n o lo g y ” (B A T ) is u sed  
fo r em ission  reduc tion .
1 .6 .3 .3  D ie se l E n g in e  R e g u la t io n s
Spec if ic  ru les  in  rega rd s  to  th e  u se  o f  d ie se l eng in es  in  o ccupa tio n a l h ea lth  en v iro nm en ts  
w ere  f irs t in tro duced  on  30 /04 /1993 .
T hese  in tro du ced  a g enera l T RK  o f  0 .2m g /m  fo r  d ie se l p a rticu la te s  and  a  lim it o f  
0 .6m g /m 3  fo r  u nd e rg ro und  non -coa lm ines. T he  p a rticu la te s  w e re  d e fin ed  as to ta l c a rbon  
(EC  +  O C ) and  d e te rm in ed  by  a cou lom e tric  ana ly sis .
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The  regu la tio n s  w ere  m od if ied  in 1996  w ith  th e  lim its  red u ced  to  0 .1m g /m 3  and  
0 .3m g /m 3  re sp ec tiv e ly . T he  d e fin ition  fo r  d ie se l p a rticu la te  w as ch ang ed  to  e lem en ta l 
c a rbon . T he  m easu rem en t in vo lves  a tw o  s tage  th e rm al ana ly s is  w ith  cou lom e tric  
id en tifica tion . C oal m in es a re  ex em p ted  from  th e  lim its  due  to  d iff icu ltie s  in  
d iffe ren tia tin g  b e tw een  d iese l p a rticu la te  and  coal dust. T h e  TRG S  a lso  se t severa l 
d iffe ren t requ irem en ts  fo r  eng in es  u sed  in bu ild ing s , u n d e rg ro und  o r  o th e r  e n c lo sed  
areas . T hese  add itio n a l p rov is io n s  h ave  to be  a lso  o b se rv ed  in  coal m ines . T h e  fo llow ing  
a re  som e  o f  th e  requ irem en ts :
- D iese l eng in es  th a t a re  en tire ly  o r  p a rtly  op e ra ted  in  en c lo sed  sp aces  o r  u nd e rg ro und  
m ust b e  equ ip p ed  w ith  p a rticu la te  traps, p rov id ed  such  trap s  a re  te chn ica lly  feasib le .
- T h e  p a rticu la te  trap s  m u st a ch ieve  a t le as t 70%  to ta l g rav im e tric  f iltra tio n  ra te , as 
m easu red  on  th e  U BA  (Umw elt B undesam t) eng in e  cycle .
- D ie se l eng in es  m ust unde rgo  p e riod ic  m easu rem en ts  o f  sm oke  n um be r and  CO  level. 
-D ie se l trap s  a re  requ ired  in  add ition  to  th e  TRK  expo su re  lim it and  th e  e ffic ien cy  o f  
m ost traps u sed  is b e tte r  th an  th e  requ ired  70% . R esu ltin g  in  th e  av erag e  p a rticu la te  
expo su re  in  tunne ls  b e ing  w ell b e low  0.1 m g /m 3 w h ich  is low e r th an  th e  T R K  o f  0 .3 .
1 .6 .3 .4  F u tu r e  D ir e c t io n s
The  g enera l trend  o f  a redu c tio n  in  th e  to ta l m ass  o f  p a rtic u la r  m a tte r em iss ion s  b u t an  
in c rease  in  th e  n um be r o f  f in e  pa rtic le s  and  th e  hea lth  risk  a sso c ia ted  w ith  th e se  p a rtic le s  
cau ses  concern . T h e re fo re  it is expec ted  th a t fu tu re  reg u la tio n s  w ill in c lu d e  lim its  fo r  the  
n um ber o f  d ie se l p a rticu la tes , in  add itio n , o r  in  p lace , o f  th e  m ass con cen tra tio n s  th a t are  
u sed  today .
1 .7  M e th o d s  f o r  d e t e rm in in g  D P M  le v e l s  in  m in e s
W ith  th e  em erg ence  o f  regu la tio n s  p e rta in ing  to  th e  o ccupa tio n a l e x po su re  lim its  o f  D PM  
it is n ecessa ry  to d eve lop  m ethod s  fo r d e te rm in ing  its lev e ls  in  th e  w o rkp la ce . I t is 
b e liev ed  th a t e lem en ta l c a rbon  (EC ) is th e  m ost re liab le  ove ra ll m easu re  o f  e x po su re  to  
d ie se l exhau st. T h is  is n o t on ly  b ecau se  it is a  la rg e  p ro po rtio n  o f  D PM , u su a lly  40 -60% ,
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bu t a lso  b ecau se  it is d iff icu lt to  se lec t an  ex tra c tab le  o rgan ic  com pound  o r  c lass  o f  
com pound s, as a re liab le  in d ic a to r  o f  e x p o su re .33 T h e  o rg an ic  com pon en t m ay  b e  
ch em ica lly  com p lex  and  h igh ly  v a riab le  in  com po sitio n . I t  m ay  a lso  b e  p re sen t in  low  
concen tra tio n s  and  b e  sub jec t to  in te rfe ren ce  from  s im ila r com pound s. A  m e thod  has 
been  d ev e lo p ed  in  G e rm any  w here  th e  o rgan ic  c a rbon  is f irs tly  d e so rb ed  by  h ea tin g  th e  
sam p le  in a n itro g en  a tm osphere . T h is  s tep  is fo llow ed  by  h ea tin g  the  sam p le  ag a in  in  an  
oxygen  a tm o sph e re  th a t converts  th e  carbon  p re sen t in to  C O 2, w h ich  is  an a ly sed  by  
app ly ing  co u lom e try , g iv in g  an  e stim a tion  o f  th e  am oun t o f  D PM  p re sen t.
U n fo rtu n a te ly , th is  m e thod  c anno t be  u sed  in  coa l m in es  b ecau se  o f  in te rfe ren ce  from  th e  
h igh  leve ls  o f  ca rbon  p re sen t in  coal d u s t32
M echan ica lly  g en era ted  aero so ls  g enera lly  con ta in  p a rtic le s  g re a te r th an  1pm  in  d iam e te r  
w ith  on ly  a  sm all frac tio n  le ss  than  1pm  in  size . H ow eve r, th e  v a st m a jo rity  o f  d ie se l 
p a rticu la tes  a re  le ss  th an  1pm  in  size. A ttem p ts  h av e  b een  m ade  to  u se  s ize -se lec tiv e  
sam p ling , w h ich  sepa ra tes  th e  la rg e r coal d u s t p a rtic le s  from  the  D PM . T h e  sub -m ic ron  
p a rticu la te  m a tte r is th en  d e te rm in ed  g rav im e trica lly  o r an a ly sed  by  a  th e rm a l te chn iq u e  
s im ila r to  th e  o n e  d esc rib ed  above. T he  accu racy  o f  th is  p ro cedu re  is lim ited  by  th e  fac t 
th a t th e re  a re  som e  d ie se l p a rticu la te s  and  coal d u s t p a rtic le s  w ith  s im ila r s izes  w h ich  
m ay  re su lt in one  com pon en t b e ing  con fu sed  fo r  th e  o th e r. A e ro so ls  from  o th e r  sou rces  
can  a lso  be m is taken  fo r  D PM .
Som e o f  th e  fac to rs  w h ich  can  con trib u te  to  th e  leve ls  o f  D PM  th a t co a l m in e  w o rk e rs  a re  
expo sed  to  in c lude ; fu e l qua lity , m a in ten an ce  o f  veh ic le s , n um be r o f  v eh ic le s , en c lo sed  
cabs on  th e  v eh ic le s  to  p rev en t expo su re , f le e t m anag em en t/w o rk in g  p rac tice s , len g th  o f  
w o rk  sh ift, q u an tity  o f  v en tila tin g  a ir b e ing  u sed  and  e ffic ien cy  o f  app lied  con tro l 
te chno logy . T he  M SHA  has re cen tly  d ev e lop ed  tw o  d iffe ren t m ode ls , fo r  e s tim a tin g  
D PM  leve ls  in  m in es, w h ich  in co rpo ra te  all th ese  fac to rs . T h e  m a jo r d iffe ren ce  b e tw een  
the  m ode ls  is th e  u se  o f  d iffe ren t m e thods fo r  d e te rm in in g  th e  am oun t o f  D PM  em itted  in  
th e  m ine . T h e re  is a  p o o r ag reem en t b e tw een  each  m e thod , w ith  d iffe ren ces  o f  up  to  4 0%  
repo rted . T hese  m ode ls  can  be  u sefu l fo r  d e te rm in ing  th e  e ffec ts  o f  a p p ly in g  d iffe ren t 
con tro l te chno log ies  b u t a re  to o  in accu ra te  fo r  d e te rm in ing  re a l D PM  expo su re s  in  m ines .
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T he re  is still no  su ffic ien tly  re liab le  m e thod  at p re sen t fo r  d e te rm in ing  D PM  in  coa l 
m ines.
15
R e fe r e n c e s
1) B . R ude ll, U . W ass, P. H o rs ted t, J. L ev in , R . L indah l, A . S unesson , U . R annung , Y. 
O stberg , O ccupa tiona l E nv ironm en ta l M ed ic in e , 56 , 1999, 222
2 )  W . M o rg an , R . R eg e r and  D . T ucker, A nna ls  o f  O ccupa tio n a l H yg ien e , 41 ,1997 , 643
3 )  P ion ee rs  o f  S c ience  and  D iscove ry : R ud o lf  D iese l and  the  D ie se l E ng in e  
J. M oonP rio ry  P ress  L im ited , 1974, 1-94
4 )  J. Y anow itz , R . M cC o rm ick , M . G rabo sk i, E nv ironm en ta l S c ien ce  &  T echno logy , 3 4 ,
2000 , 729
5) L . M o raw ska , N . B o fing e r, L. K ock is , A . N w ankw oa la , E nv iro nm en ta l S c ien ce  &  
T echno logy , 32 , 1998, 432
6 ) D . K itte lson , M . A rno ld , W . W atts , R esea rch  rep o rt fo r th e  U n iv e rs ity  o f  M inneso ta , 
D epa rtm en t o f  M echan ica l E ng in ee rin g , C en tre  fo r D iese l R esea rch , 1999, 1-64
7 )  M . B aum , E . K iyom iya , S. K um ar, A . L appas, H . L o rd , E nv iro nm en ta l S c ience  &  
T echno lo gy , 34 , 2000 , 2851
8 ) A . M igue l, T . K irch s te tte r, R . H arley , S. H ering , E nv ironm en ta l S c ien ce  &  
T echno lo gy , 32 , 1 9 9 8 ,4 5 0
9 )  J. L yy ran en , J. Jo k in iem i, E . K aupp inen , J. Jo u tsen saa ri, Jo u rn a l o f  A e ro so l S c ience  
1 9 9 9 ,3 0 ,7 7 1
1 0 )  M . K leem an , J. S chauer, G . C ass , E nv ironm en ta l S c ien ce  &  T echno lo gy , 3 4 , 2000 , 
1132
1 1 )  D . K itte lson , Jou rna l o f  A e ro so l S c ience , 29 , 1998, 575
1 2 )  V . K e rm inen , T . M ake la , C . O janen , R . H illam o , J. V ilh unen , L . R an tan en , N . 
H arvers , A . V on  B oh len , D . K lo ckow , E nv ironm en ta l S c ien ce  &  T e chno lo gy , 3 1 ,  1997, 
1883
1 3 )  S. B ag ley , L. G ra tz , J. Jo hn son , J. M cD ona ld , E nv ironm en ta l S c ien ce  &  T echno logy , 
3 2 , 1998, 1183
14 )  H . M oo sm u lle r , W . A rno tt, C . R ogers , J. B ow en , J. G illie s , W . P ie rson , J. C o llin s , T. 
D u rb in , J. N o rb eck , E nv ironm en ta l S c ience  &  T echno logy  (in  p re ss)
1 4 ) W . K im , S. K im , D . L ee , S. Lee , C . L im , J. R yu , E nv ironm en ta l S c ien ce  &  
T echno logy , 35 , 2001 ,1 005
1 6 )  U . P anne , A . P e tzo ld  and  R . N ie ssn e r , Jo u rn a l o f  A e ro so l S c ience , 2 6 , 1995, 659
17 )  H . T ob ias , D . B ev ing , P . Z iem ann , H . S aku ra i, M . Z uk , P . M cM u rry , D . Z a rling , R . 
W ay tu lon is , D . K itte lson , E nv ironm en ta l S c ience  &  T echno lo gy  (in  p re ss)
1 8 )  D . K itte lson , I. A bdu l-K ha lek , E F I M em bers  C on fe rence : “Fue ls , L ub rican ts , 
E ng in es , &  Em iss io n s” Janua ry  18-20, 1999, 1-13
1 9 )  R . W este rho lm , A . C h ris ten sen , M . T o rnqv is t, L . E h renbe rg , U . R annug , M . S jo g em , 
J R afte r, C . S oon tjen s , J. A lm en , K . G ragg , E nv ironm en ta l S c ien ce  &  T echno lo gy , 35 , 8 ,
2001 , 1748
2 0 )  B . C an tre ll and  W . W atts , A pp lied  O ccupa tiona l E nv iro nm en ta l H yg ien e , 1 2 , 1997, 
1019
2 1 )  F. N ybe rg , P. G u stav sson , L. Ja rup , T . B e lland e r, N . B erg lin d , R . Jak ob sso n , G . 
P e rshagen , E p id em io logy , 1 1 , 2000 , 487
2 2 )  D ie se l E xhau s t: A  C ritic a l A na ly sis  o f  Em iss ion s , E xpo su re , and  H ea lth  E ffec ts  
K . N auss , S umm ary  o f  a H ea lth  E ffec ts  In s titu te  (H E I) S pec ia l R epo rt, H E I D ie se l 
W o rk ing  G roup , 1997, 1-8
16
23) R . H aney , G . S aseen , M in ing  E ng inee ring , A p r i l ,  2000 , 60
24) F. B rear, T h e  S c ien ce  o f  th e  T o ta l E nv iro nm en t 2 3 5 ,1 9 9 9 ,4 2 1
25) W . W ang , D . L yon s , N . C la rk , M . G au tam , P . N o rton , E nv ironm en ta l S c ien ce  and  
T echno logy  , 34 , 2000 , 933
26) S. Q u , J. L e igh , H . K oe lm eye r, N . S ta cey , B iom ark e rs , 2 , 1997, 95
27) J. W eek s , A m erican  Jou rn a l o f  In du stria l M ed ic in e  34, 1998, 203
28) T . C obu rn , In h a la tio n  T ox ico logy , 12 (S 2), 2 000 , 23
29 ) S hun -H ua  Y e, W ei Z hou , J ian  Song , B ao -C heng  P eng , D ong  Y uan , Y u an -M ing  Lu, 
P ing -P ing  Q i, A thm ospheric  E nv ironm en t, 3 4 ,1999 , 419
30 ) U SA  O ccupa tio n a l H ea lth  R egu la tion s , 
w ww .d iese ln e t.com /s tan d a rd s /u sa /o h s .h tm k  2001 , 1-3
31 )G erm any  O ccupa tio n a l H ea lth  R egu la tion s , A . M aye r, 
w w w .d ie se ln e t.com /s tand a rd s /d e /oh s .h tm k  2001 , 1-4
32) D . D ahm ann , H , B aue r, A pp lied  O ccupa tiona l and  E nv ironm en ta l H yg ien e , 1 2 ,1 9 9 7 , 
1028
17
C h ap ter
2
E x p er im en ta l
T ech n iq u e s
2  E x p e r im e n ta l  t e c h n iq u e s
2 .1  R am a n  S p e c tr o s c o p y
2 .1 .1  I n t r o d u c t io n  a n d  H is to r y
B rillo u in  in  19221 and  Sm ekal in  19232 in itia lly  p red ic ted  th e  R am an  effec t. H ow ever, 
R am an  and  K rishnan  m ade  th e  firs t experim en ta l ob se rv a tio n  in  19283. T hey  d iscove red  
th a t th e  w ave leng th  o f  a  sm all frac tion  o f  th e  rad ia tion  sca tte red  by  certa in  m o lecu les  
d iffe red  from  th a t o f  th e  in c id en t b eam  and  fu rth e rm o re  th a t th e  sh if ts  in w aveleng th  
depended  on  th e  chem ica l s tru c tu re  o f  th e  m o lecu le  re sp on sib le  fo r th e  sca tte ring . T he  
level o f  sca tte red  lig h t is v e ry  w eak , b e ing  m uch  le ss  in ten se  th an  th e  in c id en t rad ia tion . 
T he  sou rces  u sed  in early  experim en ts  w e re  sun ligh t and  m ercu ry  lam ps, w h ich  requ ired  
ve ry  long  co llec tio n  tim es  to  ge t an  app rec iab le  s igna l. T h is  reduced  in te re s t in  th e  
te chn ique  and  it d id n ’t  becom e  w ide ly  u sed  un til th e  d ev e lopm en t o f  la se rs  in  th e  la te  
5 0 ’s and  early  6 0 ’s. T hey  em itted  an  in ten se  m onoch rom a tic  lig h t sou rce , w h ich  w as  
ideal fo r R am an  analy sis . F u rth e r te chno log ica l advances  s in ce  th en  h av e  im p roved  th e  
te ch n iq u e ’s sen s itiv ity  (and  h ence  popu la rity ), and  a  s im ila r trend  is expec ted  in  th e  
fu tu re .
2 .1 .2  T h e  R am a n  E f f e c t
W hen  a  sub stance  is irrad ia ted  w ith  a  m onoch rom a tic  b eam  o f  la se r lig h t m o s t o f  th e  
lig h t is  tran sm itted  o r  ad so rbed , 1 to  5%  is re flec ted  and  a  v e ry  sm all q uan tity  is 
sca tte red . T he  m a jo rity  o f  th e  sca tte red  pho ton s  (> 99% ) a re  e las tica lly  sca tte red , w ith  no  
change  in  th e  frequency . T h is  is ca lled  R ay le igh  sca tte rin g . A  v e ry  sm all p ropo rtion  
(< 0 .1  % ) o f  th e  in c id en t p h o ton s  a re  in e la s tic a lly  sca tte red  w ith  a  ga in  o r  lo ss  in  energy. 
T h is  is ca lled  R am an  sca tte ring . T he  sca tte red  p ho ton s  th a t  a re  h ig h e r in  frequency  th an  
th e  in c id en t rad ia tion  are  ca lled  an ti-s to kes  R am an  sca tte red  pho ton s  and  th e  pho ton s  
low er in  frequency  a re  ca lled  s tokes R am an  sca tte red  phonons .
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2 .1 .3  C la s s ic a l  T h e o r y  o f  R am a n  S c a t t e r in g 4
W hen  a m o lecu le  is p laced  in  an  e lec tric  fie ld , its e lec tron s  a re  d isp la ced  in  re la tio n  to  its 
nuc le i. T h is  re su lts  in  an  in duced  d ipo le  m om en t, f i , w h ich  is p ro po rtio n a l to  th e  e lec tric  
fie ld  s treng th , £ ,  and  th e  po la risab ility  , a , o f  th e  m o lecu le .
T he  m agn itu d e  o f  11 is d ep enden t on  th e  ease  to  w h ich  th e  e lec tro n  c lo ud  is d isp la ced  
re la tiv e  to  its  nuc leu s. A n  a lte rn a ting  app lied  e lec tric  fie ld  p roduces  a flu c tu a tin g  d ipo le  
m om en t a t th e  sam e frequ ency . T he  o sc illa tin g  e lec tric  fie ld  m ay  be  e x p re ssed  as:
w here  e  =  am p litude
and  v 0 =  an gu la r frequ ency  o f  th e  rad ia tion
T he  in du ced  d ipo le  sca tte rs  rad ia tion  o f  frequency  v o i.e . R ay le igh  sca tte rin g .
I f  w e  co n s id e r  a d ia tom ic  m o lecu le  th a t v ib ra te s  w ith  a freq u en cy  of, v  vib, p e rfo rm ing  
s im p le  h a rm on ic  v ib ra tio n s , th en  a  c oo rd in a te  qvib a long  the  ax is  o f  v ib ra tio n  a t tim e , t , 
is g iv en  by :
/u -  a  £ (2 .1 .1 )
£ '=  e c o s 2  m v 0 (2 .1 .2 )
q l ib = <]o c o s2w vibt (2 .1 .3 )
I f  th e  v ib ra tio n  lead s  to  a ch ange  in  p o la risab ility , th e  p o la risab ility  m ay  be  w ritten  as:
Sub stitu tio n  o f  E qua tio n  (2 .1 .3 ) in  E qu a tio n  (2 .1 .4 ) y ie ld s:
a '=  a °  +
d a
A * ,
q 0co s2m }ibt (2 .1 .5 )
I f  th e  in c id en t rad ia tio n  o f  frequ en cy  v 0 in te rac ts  w ith  the  m o lecu le  th en  from  E qua tio n  1 
and  2 :
/ i ' = a£  = a £ °  c o s 2 m Qt (2 .1 .6 )
Sub stitu tio n  o f  E qua tio n  (2 .1 .5 ) in  E qua tio n  (2 .1 .6 ) y ie ld s:
H 1 = a ° £ ° c o s 2 / n y  +
d  a
d
£° q Qc o s2j i  v vib t co s  2 7iv.01 (2 .1 .7 )
E qua tio n  (2 .1 .7 ) m ay a lso  be  w ritten  as:
l i ' = a°e°cos27 iv0t +
d  a £°<7,
, 2
c o s2k (v 0 - y ib )r+  cos27 i(y0 - 1 4  )r ] (2 .1 .8 )
T h e  f irs t te rm  d esc rib e s  R ay le ig h  sca tte ring  and  th e  rem a in ing  te rm s d e sc rib e  R am an  
sca tte rin g . T h e re fo re  fo r R am an  sca tte ring  to  o ccu r th e re  m u st b e  a ch an g e  in  th e  
po la risab ility  d u rin g  any  g iv en  v ib ra tio n  i.e .
d  a (2 .1 .9 )
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2 .1 .4  Q u a n tu m  M e c h a n ic a l  T h e o r y 4
This th eo ry  con sid e rs  th a t th e  v ib ra tio n  ene rgy  o f  a m o lecu le  can  be  quan tised .
Pho ton s  o f  lig h t o f  frequ ency , v , can  be  sca tte red  in e la s tica lly  o r  e la s tic a lly , by  a 
m o lecu le . E ach  v ib ra tio n  has  a  ch a rac te ris tic  en ergy  o f  E vib.
E Vib = h v (v  +  1 /2 )  (F o r a  S im p le  H a rm on ic  O sc illa to r) (2 .1 .10 )
W here  v  is th e  v ib ra tio n a l q u an tum  num be r th a t can  tak e  va lu es  0 , 1 , 2 . .  .etc.
W hen  R am an  sca tte ring  o ccu rs , a  m o lecu le  can  lo se  o r g a in  energy . W hen  a  m o lecu le  
lo ses  energy , AE , th e  p ho to n  is sca tte red  w ith  ene rgy  hv  +  AE  a nd  w hen  a m o lecu le  
ga in s  e n e rgy  the  pho to n  w ill b e  sca tte red  w ith  energy  h v - A E .











Stokes Rayleigh Anti-S tokes
F ig u r e  2 .1 .1 : E ne rgy  level d iag ram  fo r  R am an  and  R ay le ig h  sca tte rin g  e ffec ts  by
quan tum  th eo ry
A cco rd ing  to  th e  B o ltzm ann  d is trib u tio n  law , th e  ra tio  o f  th e  n um be r o f  m o lecu les  (N i )  in 
s ta te  i, h av ing  en e rgy  E ;, to  th e  n um ber o f  m o lecu les  (N j )  in  s ta te  j ,  h av in g  en e rgy  E j, at 
therm al equ ilib rium , is g iv en  by:
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g i and  g j a re  th e  d eg en e rac ies  o f  th e  tw o  s ta tes i and  j.
A t am b ien t tem pe ra tu re  (from  equa tio n  2 .1 .11 ) th e  n um be r o f  m o lecu les  in  th e  g round  
s ta te  N j w ill b e  g re a te r  th an  th a t o f  th e  exc ited  s ta te  N j . S in ce  the  in te n s ity  o f  a  tran s ition  
d epend s  on  th e  p o pu la tio n  o f  m o lecu les  in  th e  s ta te  c o rre sp ond in g  to  th e  s ta r tin g  p o in t o f  
th e  tran s itio n , th e  S tokes  lin e  in ten s ity  o f  a  m o lecu le  w ill b e  g rea te r  th an  th a t o f  th e  an ti- 
S tokes line , a t am b ien t tem pera tu re . A s a  re su lt o f  th is , R am an  sp ec tro scopy  is m a in ly  
carried  o u t u s ing  S tokes  sca tte rin g .
2 .1 .5  R am a n  S e le c tio n  R u le s  a n d  In te n s i t ie s
T he re  are  3 N - 5  no rm al m odes o f  v ib ra tion  fo r  lin ea r m o lecu les  and  3 N - 6  fo r  n o n -lin ea r  
m o lecu le s . H ow eve r, n o t all th ese  v ib ra tion s  w ill be  R am an  ac tiv e . F o r  a  v ib ra tio n  to  be  
ac tiv e  th e re  m ust b e  a ch ange  in  th e  p o la risab ility  du rin g  th e  v ib ra tion .
T he  n um be r o f  a llow ab le  v ib ra tion s  fo r  a m o lecu le  can  be  p red ic ted  th eo re tic a lly  by  
app ly ing  g roup  th e o ry .5,6
T he  in ten s ity  o f  sca tte red  lig h t is p ro po rtio n a l to  th e  fou rth  p ow e r o f  freq u en cy  o f  th e  
in c id en t rad ia tio n  (Vo):
f(scat) Ot (Vo - Vvib) (2 .1 .1 1 )
R am an  line  in ten s itie s  a re  p ropo rtio n a l to:
( v » -  Vvih)4
(1 - e - E i / K T )
G{X) I  (2 .1 .12 )
W here  X  is the  w ave leng th  o f  th e  in c id en t rad ia tion , g (X) is th e  R am an  c ro ss  sec tion , I is 
the rad ia tion  in ten s ity , exp (-E j/kT ) is th e  B o ltzm ann  fa c to r fo r  s ta te  I, and  C  is th e  ana ly te  
co n cen tra tio n
I \G enera lly , w hen  a m o lecu la r v ib ra tio n  has  a  la rge  IR  d ipo le  m om en t ( —  J th e  R am an
oq
/ S a  \
po la risab ility  ( —  j  is sm all and  v ic e  versa . M any  v ib ra tio n s  a re  e ith e r  s tro ng  in  th e
OCJ
in fra red  o r R am an , b u t n o t bo th . A lth ough  th is  is n o t a lw ay s  th e  case  d u e  to  som e  
ex cep tio n s  it is still a  g ood  “ ru le  o f  th um b” . D ue  to  th e se  d iffe ren ces  in  th e  se lec tion  
ru le s  b e tw een  R am an  and  IR  it is im po rtan t to  acqu ire  b o th  an  IR  and  R am an  spec trum  
(w here  p o ss ib le ) to  h ave  com p le te  v ib ra tio n a l in fo rm atio n  on  th e  ta rg e t sp ec ies . B ecau se  
o f  th is  R am an  and  IR  are  said  to  b e  com p lem en ta ry , n o t com pe titiv e , te chn iqu es .
2 .1 .6  C h a l le n g e s  to  c o l le c t in g  a  R am a n  s p e c t r u m
2 .1 .6 .1  F lu o r e s c e n c e
F luo re scen ce  o ccu rs  w hen  th e  in c id en t ligh t ex c ite s  th e  spec ie s  b eyond  th e  v ib ra tio n a l 
en ergy  lev e ls  to  ac tu a l ex c ited  e lec tron ic  s ta tes . T h e  sp ec ies  th en  re tu rn s  to  th e  g round  
s ta te  by  th e  em ission  o f  p ho ton s  in th e  v is ib le  reg ion . T h ese  pho ton s  a re  d e tec ted  in the  
sam e m ann e r as th e  R am an  sca tte red  p ho ton s  and  g en era te  a s ig na l on  th e  d e te c to r  th a t is 
o b se rv ed  as a h igh  b ackg round  in  th e  R am an  spec trum . A n  energy  lev e l d ia g ram  fo r 
f lu o re scen ce  is g iv en  in  f ig u re  2 .1 .2 .
F luo re scen ce  is a m a jo r p ro b lem  th a t has lim ited  th e  app lica tio n s  o f  R am an  sp ec tro scopy . 
A s a phenom enon , f lu o re scen ce  is app rox im a te ly  106 to  108 s tro n g e r th an  R am an . T race  
im pu ritie s , add itiv es , e tc  m ay  fluo resce  so  s trong ly  th a t it is im po ss ib le  to  o b se rv e  the 
R am an  spec trum  o f  a  m a jo r com ponen t. A lso , th e  sam p le  its e lf  m ay  be  in h e ren tly  
fluo rescen t, dyes  fo r e x am p le .7
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Fo r c e rta in  sam p les , it is n o t p o ssib le  to  avo id  th e  p ro b lem  o f  flu o re scen ce  bu t fo r  o th ers  
severa l m e thod s  h av e  b een  d ev e lop ed  th a t h ave  su ccessfu lly  red u ced  o r  e lim ina ted  th is  
p rob lem . T h e se  in c lu d e  h ea tin g  o f f  th e  flu o re scen t c au s ing  im pu ritie s  by  le av ing  th e  
sam p le  und e r th e  la se r fo r  a p e rio d  o f  tim e, w h ich  can  b e  up  to  seve ra l hou rs , b e fo re  
p e rfo rm ing  a  scan . A lso , u s ing  d iffe ren t ex c ita tio n  w ave leng th s , w h ich  do  no t have  
su ffic ien t en e rgy  to  exc ite  th e  spec ie s  b eyond  the  v ib ra tio n a l en e rgy  leve ls . In  th e  p re sen t 
w o rk  th e  d iffe ren tia l b u rn  o ff  o f  f lu o rescen ce  cau s ing  o rg an ic  im pu ritie s  a ffec ted  th e  
rep roduc ib ility  o f  th e  R am an  spec tra  (ch ap te r 5 sec tion  5 .3 ). T h is  p ro b lem  was ove rcom e  
by h ea t- tre a tin g  th e  sam p les  b e fo re  ana ly s is . So, th e  h ea t from  th e  la se r h ad  no  e ffe c t on  
th e  flu o re scen ce  leve ls . T h ese  a re  som e  o f  th e  m o re  p o p u la r  m e thod s  fo r  ove rcom ing
o
flu o rescen ce , ad d itio n a l m ethod s  are  d iscu ssed  e lsw here .
2 .1 .6 .2  S e n s i t iv i t y
As s ta ted  e a r lie r  th e  R am an  e ffec t is v ery  w eak  and  w hen  firs t d ev e lo p ed  it  w as 
im p rac tica l to  u se  as a ro u tin e  ana ly tica l te chn iqu e  u n til th e  d ev e lo pm en t o f  in ten se  lig h t 
sou rces  and  d e tec to rs  w ith  adequa te  sen s itiv ity . In  a R am an  in s trum en t th e  fu n c tio n  o f  th e  
op tics  and  com ponen ts  in c ludes  filte r in g  o f  la se r p la sm a  lin es , k eep in g  th e  la se r 
co llim a ted  th ro ughou t th e  in s trum en t and  p rev en tin g  th e  R ay le ig h  sca tte red  lig h t from  
be ing  d e tec ted . E ven  w ith  th e  u se  o f  recen t te chno log ica l advances, su ch  as sen s itiv e  
CCD  de tec to rs  and  m o re  e ffic ien t filte rs , th e  com b in ed  e ffe c t o f  th e se  com ponen ts  still 
reduces  th e  th ro ughpu t to  5 -10% . T h is  has th e  e ffe c t o f  d ram a tic a lly  re d u c in g  th e  overa ll 
S /N .
T he  sen s itiv ity  o f  R am an  s tud ie s  is o rd in a rily  lim ited  to  con cen tra tio n s  g re a te r  th an  
0 .1M . H ow eve r, en h an cem en t techn iques  a re  ava ilab le . T hese  in c lud e  S u rface  E nhanced  
R am an  S pec tro scopy  (SERS) and  R esonan t R am an  Spec tro scopy .
SERS  invo lv es  o b ta in in g  th e  R am an  spec tra  o f  sam p les  th a t a re  a d so rb ed  on  th e  su rface  




no t fu lly  unders tood , th e  R am an  line  in ten s itie s  a re  o ften  enhanced  by  a  fa c to r o f  10 to  
106. T he  m eta ls  u sua lly  u sed  a re  s ilv er, go ld  o r  copper.
R esonance  R am an  occu rs  w h en  th e  ex c itin g  frequency  app roaches  th a t o f  e lec tron ic  
tran s itio n s  and  th e  ob se rved  spec trum  changes  d ram a tica lly  show ing  an  enhancem en t o f  
in ten sity  o f  ce rta in  v ib ra tio n a l m odes. T h is  e ffec t can  re su lt in  th e  R am an  signal be ing  
enhanced  b y  a  fac to r o f  102 to  106. A s  a  con sequence , re son ance  R am an  spec tra  h ave  
b een  ob ta in ed  a t analy te  concen tra tion s  a s  low  as 10 ' 8 M .9 A n  energy  level d iag ram  
com paring  re sonance  R am an  and  fluo rescence  is show n  in  figu re  2 .1 .2 .
Resonance Raman Fluorescence
(a) (b)
F ig u r e  2 .1 .2 : E nergy  level d iag ram  fo r  (a) re sonance  R am an  sca tte ring  and  (b) 
fluo rescen t em ission . (R ad ia tion less  re lax a tio n  show n  as  w avy  a rrow s ) 9
In creasing  th e  s treng th  o f  th e  e lec tr ic  fie ld , w h ich  is in c reas ing  th e  la se r p ow e r in th is  
case, w ill in c rease  th e  n um ber o f  R am an  sca tte red  pho ton s . T he re fo re  u s ing  a  h igh - 
p ow ered  la se r shou ld  in crease  th e  in ten s ity  o f  a  R am an  spec trum . H ow ever, th is  app roach  
can c rea te  p rob lem s o f  its  ow n  w h ich  a re  d iscu ssed  in th e  n ex t sec tion .
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In  ce rta in  se t-ups a la se r can  b e  fo cu sed  on to  a  l - 2 |im  spo t on  a sam p le . T he  co n fin em en t 
o f  la se r p ow e r to such  a sm all a rea  can  re su lt in  h igh  la se r  p ow e r d en s ity  a t th e  sam p le , 
w h ich  can  cau se  lo ca lised  h ea ting . T h is  h ea ting  m ay  re su lt in  th e  s tru c tu re  o f  th e  sam p le  
a t th e  an a ly s is  a rea  b e ing  a lte red  o r  ev en  bu rned  and  conve rted  to  a  c a rbonaceou s  
m ate ria l. It is p o ss ib le  to  d e tec t such  an  o ccu rren ce  by  ob se rv in g  th e  sam p le  a rea  ch ange  
to  a  d a rk e r co lo u r c om pared  to  th e  su rround ing  area . T h e  p re sen ce  o f  th e  am o rphou s  
c a rbon  band s  in  th e  re su ltin g  sp ec trum  is a lso  an  in d ica tio n  o f  th e  o ccu rren ce  o f  sam p le  
d eg rad a tio n . R educ ing  th e  la se r p ow er o r d e fo cu sing  the  la se r, so  th e  sam p le  is expo sed  
to  le ss  p ow e r p e r  u n it a rea , a re  th e  m o st comm on  m e thod s  fo r  p rev en tin g /red u c in g  
sam p le  d eg rad a tio n . H ow eve r, th is  m akes it n ecessa ry  to  scan  fo r  longer. A no th e r  
a pp ro ach  fo r  com ba tin g  th is  p rob lem  is to  ro ta te  th e  sam p le  du rin g  an a ly s is , th is  p rev en ts  
the  la se r from  b e ing  fo cu sed  on  th e  sam e spo t fo r  long  en ough  to  cau se  h ea ting . 
A cco rd ing  to  eq u a tio n  2 .1 .1 2  th e  in ten s ity  o f  a  R am an  sp ec trum  in c rease s  w ith  th e  
in ten s ity  o f  th e  in c id en t rad ia tion . H ow ever, in  a  lo t o f  cases  th e  p o ss ib ility  o f  sam p le  
d eg rad a tio n  p rev en ts  th e  u se  o f  h ig h  pow e r lasers  to  im p rove  th e  sen s itiv ity  o f  a  R am an  
in strum en t.
2 .1 .7  R am a n  M ic r o s c o p y
The  firs t re su lts  o f  p rac tica l R am an  m ic ro scopy  w ere  p re sen ted  a t th e  IV th In te rn a tio n a l 
C on fe ren ce  on  R am an  Spec tro scopy  in  1974 .10 T he  m ost com m on  sou rces  u sed  fo r  
R am an  sp ec tro scopy  a re  5 14nm  A rgon  ion  la se r and  th e  6 33nm  H eN e  la se r. T h ese  
p roduce  lig h t in  th e  v is ib le  range , w h ich  m ake  coup lin g  a  R am an  sp ec trom e te r  to  a 
m ic ro scop e  re la tiv e ly  easy , as a  s tanda rd  op tica l m ic ro scop e  can  b e  u sed . R am an  
m ic ro scopy  is a  v e ry  pow erfu l tool fo r  th e  ch a rac te risa tio n , s tudy  and  m app in g  o f  
m a te ria ls , u s in g  h igh  spa tia l re so lu tion . U sing  a  lOOx ob je c tiv e  th e  la se r  sp o t can  be  
fo cu sed  dow n  to l - 2 p.m, m ak ing  it p o ssib le  to s tu dy  in d iv idu a l p a rtic le s  o r  fib res  in  a 
sam ple . A n  ex am p le  o f  th is  is th e  u se  o f  R am an  m ic ro scopy  to  id en tify  m ic ro scop ic  
asbesto s  fib res  in  a  b u ild ing  m ate ria l m a trix  w ithou t th e  n eed  fo r  sam p le  tre a tm en t .11
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D e lta  w av s ir a t ib eB  (cm -1 )
(1) P lasm a line re jec tio n  filter
(2) S teering m irror
(3 ) Beam Expander
(4) (5) M irro rs
(6) (9) Ho log raphic no tch  filter
(7) M ic ro scope
(8) Objective
(10) (12 ) (15 ) L en ses
(11) Slit
(13) Prism
(14 ) D iffraction grating 
(16) C CD  d e tec to r
F ig u r e  2 .1 .3 :  Schem atic  d iag ram  o f  th e  R en ishaw  R am an  M icro scope
A  schem atic  d iag ram  o f  th e  R en ishaw  R am an  System  2000 , used  fo r th e  w o rk  in th is  
p ro je c t, is show n  in figure  2 .1 .3 . T he  sou rce  u sed  w as  a  25mW  he lium -neon  la se r 
em ittin g  a t 6 32 .8nm . It is necessa ry  to  p ass  th e  la se r ligh t th rough  a  p la sm a  lin e  re jec tion  
filte r (PLRF)(1 ). T he  PLFR  p roh ib its  th e  unw an ted  p la sm a  lines from  en te rin g  th e  
in s trum en t b u t tran sm its  th e  m ain  la se r line. T he  s tee rin g  m irro r (2) d irec ts  th e  la se r b eam  
th rough  th e  beam  expande r (3), w h ich  re co llim a tes  any  stray  la se r lig h t and  a lso  exp and s  
th e  beam  to  th e  size requ ired  fo r use  in  th e  m ic ro scope  ob jectiv e . T he  expanded  and  
co llim a ted  beam  is then  d e fle c ted  by m irro rs  (4  and  5) on to  th e  firs t ho log raph ic  no tch  
filte r (HNF) (6 ). T h is  f irs t HNF  re flec ts  th e  la se r b eam  dow n  th e  m ic ro scope  (7 ) and  th e  
ligh t is focused  on to  th e  sam p le  using  a  m ic ro scope  o b jec tiv e  (8 ). T he  m ic ro scope  lenses  
used in  th is  p ro jec t w ere  th e  x5, x lO , x20 , x50  and  xlOO. T he  ligh t sca tte red  from  th e  
sam p le  (bo th  R ay le igh  and  R am an ) is co llec ted  back  up  th rough  th e  ob je c tiv e  and  th e
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m icro scope , a t 180° sca tte rin g  g eom etry , un til it re aches  th e  f irs t H N F . T h is  f irs t f ilte r  
re fle c ts  th e  s trong  u nw an ted  R ay le igh  lig h t b ack  th rough  th e  in s trum en t and  aw ay  from  
th e  d e tec tio n  pa th  b u t tran sm its  th e  R am an  sca tte red  ligh t. T h e  second  H N F  (9) filte rs  ou t 
a lm ost all th e  rem a in ing  R ay le ig h  sca tte red  lig h t b u t s till tran sm its  th e  R am an  sca tte red  
ligh t. T h e  rem a in in g  R am an  lig h t th en  p asse s  th rough  a p re -s lit len s  (10 ), w h ich  fo cuses  
the  ligh t th rough  an  ad ju stab le  en tran ce  s lit (11 ). A  second  len s  (12) reco llim a te s  th e  
sca tte red  lig h t b e fo re  a  m irro red  p rism  (13) d irec ts  it o n to  a  d iffra c tio n  g ra tin g  (14), 
w h ich  sepa ra tes  th e  b eam  in to  its  c om ponen t w ave leng th s . T h e  p rism  d e flec ts  the 
d isp e rsed  lig h t th rough  a len s  (15 ) on  to  a CCD  (cha rge  c o up led  d ev ice ) d e te c to r  (16 ).
2 .2  X -R a y  P h o to e le c tro n  S p e c tro s c o p y  (X PS )
In  p rin c ip le , R am an  s tud ie s  shou ld  a llow  th e  id en tific a tio n  and  e s tim a tio n  o f  sp2 and  sp3 
sites  in c a rbonaceou s  m a te ria ls , ow ing  to  th e  fac t th a t th e  zo n e -cen tred  o p tica l p h onon s  in 
g raph ite  and  d iam ond  o ccu r a t w ell sepa ra ted  frequ en c ies  o f  1580cm "1 and  1 3 3 2 cm '1, 
re sp ec tiv e ly .12 H ow eve r, w hen  u s ing  v is ib le  sou rces  o f  ex c ita tio n  a  re so n an ce  
enhan cem en t o f  th e  R am an  c ro ss-sec tio n  o f  sp  bond s  occu rs . T h is  p h enom enon  can  
re su lt in  sp2 b onds h av ing  sca tte rin g  e ffic ienc ies  50  to 100 tim es g re a te r  th an  sp3 bond s , 
w h ich  lead s  to  th e  con trib u tio n  o f  sp  sites  d om in a tin g  th e  sp ec tra . T h e  u se  o f  v is ib le  
R am an  to ch a rac te rise  th e  h yb rid isa tio n  o f  c a rbonaceou s  m a te ria l has  b een  b ased  on 
em p irica l re la tio n sh ip s  b e tw een  bond ing  and  sh if ts  o r b ro ad en in g  o f  th e  G  band . A  m o re  
th o rough  ex am in a tio n  o f  th e  re la tio n sh ip  b e tw een  R am an  sp ec tra  o f  ca rb on aceou s  
m ate ria ls  in  re la tio n  to  th e  re son ance  e ffec ts  and  sp  /sp  h yb rid isa tio n  is d iscu ssed  in 
ch ap te r  3 (sec tion s  3 .4 .5  and  3 .4 .6 ).
In  e lec tron  sp ec tro scopy  th e  k in e tic  energy  o f  em itted  e lec tron s  is reco rd ed .
A  pho ton  from  a  m onoch rom a tic  X -ray  b eam  o f  k n ow n  en ergy , hv ,  d isp la ce s  an  e lec tron , 
e", from  a K  o rb ita l Eb.
A  + h v =  A +* +  e" (2 .2 .1 )
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A  can  be  an a tom , a m o lecu le  o r an  ion  and  A +* is an  e lec tro n ica lly  exc ited  ion  w ith  a 
p o s itiv e  cha rge  one  g re a te r  th an  th a t o f  A . T he  k in e tic  en e rgy  o f  th e  em itted  e lec tron , Ek, 
is m easu red  in an e lec tron  spec trom ete r. B ind ing  en e rgy  o f  th e  e lec tron , E b,c an  be  
ca lcu la ted  as fo llow s:
E b=  h v -  E k -  w  (2 .2 .2 )
W  is th e  so -ca lled  w o rk  fu n c tio n  o f  th e  sp ec trom ete r, a  fa c to r  th a t co rrec ts  fo r  th e  
e lec tro s ta tic  env iro nm en t in  w h ich  th e  e lec tron  is fo rm ed  and  m easu red . T h e  b in d in g  
en e rgy  o f  an  e lec tron  is ch a rac te ris tic  o f  th e  a tom  and  o rb ita l from  w h ich  th e  e lec tro n  w as 
em itted .
A  re cen t s tu d y 14 o b se rv ed  the  C I s  band  fo r  pu re ly  sp3-b ond ed  d iam ond  a t 2 8 5 .5eV  w ith  a 
FW HM  o f  2 .2 eV  and  pu re ly  sp2 b onded  g raph ite  a t 2 84 .15 eV  w ith  a FW HM  o f  leV . T he  
sepa ra tion  b e tw een  each  b and  is a round  0 .8 eV . So, w hen  an a ly s in g  a  m a te ria l th a t has  a 
m ix tu re  o f  sp3 and  sp2 s ite s  th e re  is s trong  ove rlapp ing  o f  th e ir  C l s  b and s. T h is  
necessita te s  th e  use  o f  h igh  re so lu tio n  (< 0 .5 eV ) in s trum en ta tio n  and  a cu rv e  fitting  
p ro cedu re , to re so lv e  th e  con trib u tio n  o f  bo th  com ponen ts  to  th e  C l s  b and . T h e  n um ber 
o f  c a rbon  a tom s in each  h yb rid isa tio n  is p ropo rtio n a l to  th e  a rea  u nd e r e ach  p eak  d iv id ed  
by  its sen s itiv ity  fac to r. T h e  sen s itiv ity  fac to r fo r  X PS  co re -lev e l sp ec tra  d ep end s  on ly  on  
th e  a tom ic  fac to rs  and  is in d ep enden t o f  th e  chem ica l s ta te  o f  th e  a tom s; th e  sen s itiv ity  
fa c to r fo r  th e  tw o  p eak s  is th e  sam e in  th is  case . T he re fo re , X PS  can  g iv e  a  d irec t 
e s tim a tion  o f  sp 2/s p 3 h yb rid isa tio n . L ung  e t a l15 and  M ere l e t a l16 h av e  p e rfo rm ed  s im ila r 
s tu d ie s  on  th in  am o rphou s  h yd rogena ted  ca rbon  (a -C :H ) and  d iam ond -lik e  c a rb on  film s 
re spec tiv e ly .
A  low -reso lu tio n  w id e -scan /su rv ey  sp ec trum  can  b e  u sed  to  d e te rm in e  th e  e lem en ta l 
com position  o f  sam p les . A ll e lem en ts  ex cep t hyd rogen  and  h e lium  em it co re  e lec tron s  
hav ing  ch arac te ris tic  b ind ing  energ ies . T yp ica l w ide -scan s  u se  a ran g e  o f  0  to  1250eV  in 
b ind ing  energy . X PS  has p rev iou s ly  been  u sed  to  d e te rm in e  the  e lem en ta l com po sitio n  o f  
co a l17' 19 and  D PM 20. X PS  no t on ly  p rov id es  q u a lita tiv e  in fo rm atio n  b u t can  a lso  e stim a te
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th e  re la tiv e  n um be r o f  each  a tom  i f  it p re sen t in concen tra tion s  g rea te r th an  0 .1% . T h is  
te chn iqu e  has  a lso  been  u sed  to  id en tify  d iffe ren t o x id a tio n  s ta te s  o f  e lem en ts  con ta in ed  
in ino rgan ic  m a te ria ls . It m u s t be  em phasised  th a t X PS  is a  su rface  te chn iq u e  w ith  a  
pene tra tion  dep th  o f  on ly  10-50A  and  th e  re su lts  ob ta in ed  m ay  n o t re fle c t th e  
com position  and /o r s tru c tu re  o f  th e  b u lk  m ate ria l. H ow eve r, X PS  has  th e  po ten tia l to  
p rov id e  som e  u sefu l add itio n a l in fo rm atio n  abou t th e  coal d u s t and  D PM  sam p les  to  be  
analy sed  by  R am an .
2 .3  D if f u s e  R e f le c t a n c e  I n f r a r e d  F o u r ie r  T r a n s fo rm  S p e c t r o s c o p y  (D R IF T S )
Coal and  D PM  are  know n  to  h av e  a  s ign ifican t o rg an ic  con ten t. H ow ever, n o  R am an  
band s  cha rac te ris tic  o f  o rgan ic  m ate ria l w e re  ob serv ed  w hen  analy s ing  th e  D PM  and  coal 
du s t sam p les  u sed  in  th is  p ro je c t. T he  R am an  re son ance  e ffe c t o f  th e  C =C  e lem en ta l 
ca rbon  can  re su lt in th e  R am an  signal b e ing  enhanced  by  a  fac to r o f  102 to  106.
There fo re , it is p o ssib le  th a t th e  in ten se  s igna l from  th e  e lem en ta l c a rbon  can  m ask  any  
signal from  o th e r m a te ria ls  p re sen t in th e  sam ples . In fra red  is a  te chn iqu e  regu la rly  u sed  
fo r th e  id en tifica tion  o f  o rg an ic  func tiona l g roups in a  v a rie ty  o f  sam p les  and  has  
p rev iou s ly  been  u sed  to  ana ly se  coa l21-23 and  D PM 24.
The  sam p les  to  b e  analy sed  w ere  a lready  in  p ow de r fo rm , so , it  w as  dec id ed  to  ana ly se  
th em  u s in g  DR IFTS . T h is  is an  in frared  sam p ling  techn iqu e , w h ich  is p a rticu la rly  u se fu l 
fo r th e  ana ly s is  o f  p ow ered  sam ples , b e in g  sen sitiv e , and  n eed ing  m in im a l sam p le  
p repa ra tion . D iffu se  re flec tio n  is a  com p lex  p ro ce ss  th a t o ccu rs  w hen  a  beam  o f  rad ia tio n  
s trik es  th e  su rface  o f  a  fin e ly  d iv id ed  pow der. S pecu lar re flec tion  occu rs  a t each  p lan e  
su rface  and  th e  rad ia tion  is re flec ted  in  a ll d ire c tio n s .9 T h e  re la tiv e  re flec tan ce  in ten s ity  
fo r a  p ow d e r^R 'o ,)  is g iv en  by:
(1— R ,(x>\2 K  /*} -5 -|\
f ( R ’ co) =   -----------—  =  —  C2 -3 -1 )
J  y } 2R'<x> S
W here  R ’oo is th e  ra tio  o f  th e  re fle c ted  in ten s ity  o f  th e  sam p le  to  th a t o f  a  n o nad so rb ing  
s tandard , such as fin e ly  g round  KB r. K  is th e  m o la r  ab so rp tio n  co e ffic ien t o f  th e  ana ly te
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a i d  S is a  sca tte ring  co effic ien t. R e flec tan ce  sp ec tra  con sis t o f  a  p lo t  ofy(R'oo) v e rsu s  
w avenum ber.
2 .4  T h e rm o g r a v im e t r ic  A n a ly s is  (T G A )
From  th e  R am an  analy sis  o f  th e  sam p les  d u rin g  th is  p ro je c t it  b ecam e  app a ren t th a t  th e  
rep roduc ib ility  o f  th e  sp ec tra  w as  a ffec ted  by  d iffe ren tia l b um -o f f  o f  th e  o rgan ic  
com ponen t, (see  ch ap te r 5 sec tion  5 .3 .10 ) I t  w as  dec id ed  to  in vestig a te  th e  e ffec t o f  h ea t-  
trea ting  th e  sam p les  in  an  in e rt a tm osphere , to  h e a t o f f  th e  o rg an ic  m a te ria l, b e fo re  
ana ly sing  th e  sam p les  by  R am an . A  TGA  analy sis  w as  p e rfo rm ed  on  som e  D PM  and  coa l 
du s t to  s tu dy  th e  e ffec ts  o f  h ea tin g  and  to  he lp  d ec id e  on  th e  app rop ria te  tem pera tu re  to
2 5  2 6  2 8h ea t th e  sam ples  u sed  fo r th e  R am an  ana ly sis . T he  TGA  stu d ies  o f  D PM  and  coal 
h ave  b een  repo rted  p rev iously .
TGA  invo lv es  th e  con tinua l reco rd ing  o f  sam p le  w e igh t w hen  sub jec ted  to  a  p re c ise  
tem pera tu re  p ro g ram .29 S am p le s  m ay  be  hea ted  from  ro om  tem pera tu re  to  1500°C . T he  
TG  cu rve  p lo ts  w e igh t d ecreasing  dow nw ard s  on  th e  y -ax is  and  tem pera tu re  in c reas ing  to
31
th e  rig h t on  th e  x -ax is  (fig. 2 .3 ). T h is  is k n ow n  as a  T G  w e ig h t lo ss  cu rve . H ow eve r, in  
th is  fo rm at, su b tle  w e ig h t ch ang e s  can  b e  d ifficu lt to  d e te rm in e . A lte rn a tiv e ly , th e  
n eg a tiv e  d e riv a tiv e  cu rv e  (-dw /d t-D TG ) o f  th e  T G  w e ig h t lo ss  cu rv e  c an  b e  u tilised , 
w h ich  show s  th e  ra te  o f  c h an g e  in  m ass  in  re la tio n  to  th e  ra te  o f  ch ang e  in  tem p e ra tu re .30
2 .5  X -R a y  F lu o r e s c e n c e  (X R F )  S p e c t r o m e t r y
R am an  sp ec tra  g iv e  s tru c tu ra l in fo rm atio n  a b o u t coal d u s t a n d  D PM  b u t it is n o t p o s s ib le  
to  d e te rm in e  th e  e lem en ta l c om po s itio n  o f  th e  sam p le  u s in g  th is  te ch n iq u e . X R F  has  
p rev iou s ly  b e en  u sed  to  e s tim a te  th e  c a rb on  c o n ten t31 and  o th e r  m a jo r, m in o r  an d  tra ce  
e lem en ts32,33 in  co a l sam p les .
X R F  is a  n o n -d e s tru c tiv e  te c h n iq u e  u sed  to  d e te rm in e  th e  qu an tity  o f  e lem en ts  p re s e n t in  
a sam ple . E x c ita tio n  is b ro u g h t a b o u t b y  irrad ia tion  o f  th e  sam p le  w ith  a  b eam  o f  X -rays 
from  an  X -ray  tu b e  o r a  rad io ac tiv e  sou rce . T h e  e lem en ts  in  th e  sam p le  a re  e x c ited  by  
ab so rp tio n  o f  th e  p rim ary  b eam  and  em it th e ir  ow n  ch a rac te r is tic  f lu o re sc en ce  rad ia tio n  
at sp ec ific  w ave leng th s , w h ich  is re la ted  to  th e  co n cen tra tio n  o f  th e  e lem en t in  th e
Q 2  ,
sam ple . Irrad ia tio n  a rea  is o f  th e  o rd e r  o f  5 cm  w ith  a  p en e tra tio n  d ep th  o f  an  av e rag e  
w ave leng th  a b o u t 2 0 pm  and  a  v o lum e  o f  ana ly s is  in  th e  o rd e r  o f  5 0m g .34 X R F  was 
u tilised  in th is  s tu d y  to  e s tim a te  th e  ch em ica l c om po s itio n  o f  coa l du st. T h e  com po s itio n  
o f  D PM  w as n o t e s tim a ted  d u e  to  th e  la rg e  am oun t o f  sam p le  requ ired .
2 .6  S c a n n in g  E le c t r o n  M ic r o s c o p y  (S E M )
D PM  and  co a l d u s t sam p les  w ere  co lle c ted  o n  q u a rtz  f ib re  filte rs  as d e sc r ib ed  in  c h ap te r  
5 (see  s e c tio n s  5.3.1 and  5 .3 .4 ). O p tica l m ic rog raph s  o f  th e  sam p les  w e re  ta k en  u s in g  th e  
v id eo  cam era  c o u p led  to  th e  m ic ro sco p e  o f  R am an  in s trum en t. H ow ev e r, th e  q u a rtz  
filters  a re  a  w ov en  m esh  o f  fib res , w h ich  a re  by  no  m ean s  fla t (see  fig u re  2 .6 .1 ) A s a  
c o n seq u en ce  o f  th is , it w as n o t p o s s ib le  to  k e ep  th e  w ho le  op tica l im age  in  fo cu s  w h en  
u s in g  an  o b je c tiv e  w ith  g re a te r  m agn ific a tio n  th an  X5.
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This w as due  to  in su ffic ien t re so lu tion  and  poo r dep th  o f  fie ld , w hen  u s ing  an  op tica l 
m ic ro scope . F igu re  2 .6 .2  illu stra tes  th e  inadequate  d ep th  o f  fie ld  o f  an  op tica l m icrog raph  
for a D PM  sam ple  on  a quartz  fib re  filter, w ith  a X 20  ob jective.
F ig u r e  2 .6 .1 :  A  2 .5cm  quartz  fib re filte r
SEM  has  a con sid e rab ly  h igh e r re so lu tion  and far b e tte r  d ep th  o f  fie ld  th an  op tica l 
m icro scopy . SEM  has  p rev iou sly  b een  used  to  ob ta in  im ages o f  coa l35"36 and  D PM  
sam ples.37’38 Such  im ages are n ecessa ry  to get an  id ea  o f  th e  d is tr ib u tion  o f  th e  sam ples  
on  quartz  fib re filters, w h ich  g ives in fo rm ation  on th e ir  hom ogene ity /h e te rogene ity . The 
size d is tribu tion  o f  th e  coal dust partic le s can  also  be  d e te rm ined  b ecau se  o f  th e ir  n a rrow  
size d istribu tion . H ow ever, SEM  is n o t v e ry  u sefu l fo r s ize  es tim a tion  o f  D PM  as it can  
range  in  size  from  less  th an  0 .01pm  to  over 10pm . A lso , adequa te  in fo rm a tion  is 
ava ilab le  in  the  lite ra tu re  on  size d istribu tions  o f  D PM , so, it is no t n ecessa ry  to  m ake  
such  es tim ations here
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F ig u r e  2 .6 .2 : O p tica l m ic rog raph  o f  D PM  on a quartz  fib re  filter, illu stra ting  the 
in adequate  dep th  o f  fie ld  o f  an  op tica l m ic rog raph  fo r th e  sam ples  ana ly sed  here
In  ob ta in ing  an  im age  b y  SEM  the su rface  o f  th e  sam ple  is sw ep t in  a ra s te r  p a tte rn  b y  a 
fin e ly  focu sed  beam  o f  e lectrons (5 -200nm  spo t size), un til a desired  a rea  o f  the  su rface  
has  been  scanned . D uring  the  scann ing  p rocess , a signal is de tec ted  above  the  surface . 
Several types  o f  s ignals  are p roduced  from  the surface . These  inc lude  b ack sca tte red , 
secondary  and  A uger e lectrons; X -ray  fluo rescence  pho tons; and  o th er p ho ton s  o f  various  
energy. B ack sca tte red  and secondary  e lectrons are u sua lly  d e tec ted  in  an  SEM  
in strum en t.9
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C h ap ter
3
R am an  S p e c tr o sco p y  
o f
C arb on  M a te r ia ls
3 . R am a n  s p e c tro s c o p y  o f  c a r b o n  m a te r ia ls
3 .1  C ry s ta ls
T he  reg u la r  a rrang em en t o f  a tom s in  a m o lecu le  re su lts  in  a re g u la r  shape . A  c ry s ta l is 
d e fin ed  as a su b s tan ce  w h ich  has so lid ified  in  a d e fin ite  g eom etrica l fo rm .1 T he  o rd e rly  
a rrang em en t o f  th e  c ry s ta llin e  s ta te  is a  con sequence  o f  a ttra c tiv e  b in d in g  fo rces , w h ich  
fo rm  p e rm anen t a ttachm en ts  b e tw een  the co n stitu en t a tom s; th e  d ev e lo pm en t o f  p e rfec t 
regu la rity  co rre sp ond s  to  a m in im isa tion  o f  th e  en e rgy  o f  th e  so lid  a t th e  ch ange  o f  s ta te  
in  w h ich  it is fo rm ed .2 A  c ry s ta l is ch a rac te rised  by  a p rim itiv e  ce ll o r u n it ce ll , w h ich  is 
th e  sm alle s t un it, rep ea ted  in  th ree  d im ension s. T he  c ry s ta l is con s tru c ted  by  s tack ing  
id en tica l u n it ce lls  face  to  fa ce  in  p e rfec t a lig nm en t in  th ree  d im ension s. T h e  p o s itio n  o f  
the  p lanes , d irec tio n s , and  po in t s ites, in a la ttic e  is d e sc rib ed  by  re fe ren ce  to  th e  u n it cell 
and  th e  th ree  p rin c ip a l axes  x , y and  z.
2
C e l l  D im e n s i o n s
O A  =  a  
O B  =  b  
O C  =  c
L a t t ic e  p a r am e te r s
(B O C  =  a  
(COA = P  
(A O B  = y
D e f in e s  s i z e / s h a p e
A n y  p la n e  A ’B ’C ’ is  d e f in e d  b y  th e  
in te r c e p ts  O A ’ , O B ’ a n d  O C ’ w it h  th e  th r e e  
p r in c ip a l a x e s
F ig u r e  3 .1 .1 : C ry s ta l u n it cell and  its d im en sion s
T he  u sua l n o ta tio n  (M ille r ind ice s) d e fin in g  c ry s ta l p lan es  is to  take  th e  re c ip ro ca ls  o f  th e  
ra tio s  o f  th e  in te rcep ts  to  th e  co rre spond ing  un it cell d im en sion s. T hu s , A ’B ’C ’ is g iv en  
by
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the p lanes  A BC , ABE , C EA  and  CEB  are  (111 ), (11 1 ) , (1 1 1 ) , and  ( 1 1 1 )  re sp ec tiv e ly  
and  a re  all p lanes  o f  th e  sam e g ro up /ty p e  {111}. S qua re  b rack e ts  a re  u sed  fo r  d irec tion  
vec to rs  i.e . th e  d irec tio n s  CG , A F , DB  and  EO  be ing  [ 1 1 1 ] , [ 1 1 1 ] , [ 1 1 1 ]  and  [ 1 1 1 ]  
re spec tiv e ly . A ny  po in t in  a c ry s ta l is d e sc rib ed  by  th e  frac tio n a l d isp la cem en ts  o f  the 
po in t from  th e  p rin c ip a l axes  re la tiv e  to  th e  d im ension s  o f  th e  u n it ce ll. T h e re fo re  th e  
cen tre  o f  th e  ce ll (F igu re  3 .1 ) is \  p o in ts  F , E  and  H  a re  0 ,1 ,1 ; 1 ,1 ,1 ; |  ,0 ,0  
re sp ec tiv e ly .3
3 .2  C r y s ta l  Im p e r f e c t io n s 2
The  chem ica l and  phy sica l p rop e rtie s  o f  c ry s ta ls  d epend  on  th e  s tru c tu re  o f  th e  a tom s and  
the  n a tu re  o f  th e  a tom ic  b ind ing . P e rfec t c ry sta ls , in  w h ich  every  a tom  site  is f illed  and  
th e re  are  no  d is tu rb an ce s  in  th e  reg u la r  a rrang em en t o f  a tom s, do  no t ex is t. A ll re a l 
c ry s ta ls  con ta in  im pe rfec tio n s  th a t m ay  be  po in t, line , su rface  o r  v o lum e  d e fec ts , w h ich  
o ccu r du rin g  th e  n u c lea tio n  p rocess . K now ledge  o f  th e  s tru c tu re  o f  d e fec ts  and  th e ir  
p ropertie s  is e ssen tia l to  fu lly  unde rs tand  all a spec ts  o f  p rop e rtie s  o f  m a te ria ls .
3 .2 .1  P o in t  Im p e r f e c t io n s
In  com pound s  an  ex ac t id en tity  o f  all u n it ce lls  is a ch iev ab le  on ly  w ith in  th e  re s tr ic tio n  o f  
s to ich iom etric  com b in a tio n  in w h ich  e lem en ts  o f  th e  app ro p ria te  va lenc ie s  a re  p re sen t in 
fix ed  p ro po rtio n s  a cco rd ing  to  th e  chem ica l fo rm u lae . B u t in  m any  c ry s ta llin e  
com pounds  th e  chem ica l com b in a tio n  is n o n -s to ich iom e tric . T h is  m ay  b e  du e  to  th e  
p a ren t s tru c tu re  b e ing  ab le  to  take  in  fo re ign  a tom s (o r ion s) w ithou t its  s tru c tu ra l p a tte rn  
b e ing  s ign ifican tly  changed . A  m ore  re a lis tic  c on cep tio n  o f  th e  c ry s ta l a tom ic  s tru c tu re  is 
a  th ree -d im ensiona l p a tte rn  o f  s ites  av a ilab le  fo r  o ccupa tio n  by  a tom s o f  th e  c ry s ta l. 
C hem ica lly  d iffe ren t a tom s m ay  be  found  in  c ry s ta llo g raph ica lly  e q u iv a len t s ites  in
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d iffe ren t p a rts  o f  th e  s truc tu ra l con tinuum , and , som etim es, som e  sites  m ay  be  
unoccup ied .
Im pu rity  a tom s, w h ich  d e fin e  som e o f  th e  p o in t d e fec ts , can  be  accom m oda ted  in  tw o  
d iffe ren t w ays: su b s titu tio n a l im pu rity  a tom s and  in te rs titia l im pu rity  a tom s. 
S ub stitu tiona l im pu rity  a tom s rep lace  a tom s o f  an  id ea l p e rfe c t s tru c tu re  on  ce rta in  k inds 
o f  s ites. T h e  p a rtic u la r  im pu rity  a tom s w h ich  a re  a ccep tab le  on  g iv en  s ite s  a re  d ep enden t 
on  a w id e  v a rie ty  o f  fac to rs , in c lud ing  re la tiv e  sizes, th e  p h y s ico ch em ica l cond itio n s  o f  
fo rm ation , e tc . In te rs titia l im pu rity  a tom s a re  in co rpo ra ted  in to  th e  c ry s ta l s tru c tu re  by  
fitting  in to  c av itie s  b e tw een  a tom s o f  th e  p a ren t s tru c tu re  and  a re  in  p o s itio n s  th a t a re  no t 
sites  o f  th e  o rig in a l s tru c tu ra l p a tte rn . T h is  m ay  on ly  o ccu r i f  th e  a tom s a re  sm all enough  
to  fit in to  th e  cav itie s  and  th e ir  p re sen ce  does  n o t cau se  too  m uch  d is to rtio n . In te rs titia l 
im pu ritie s  a re  p a rticu la rly  im po rtan t in m e ta llic  sy stem s w he re  sm all a tom s, lik e  H , B , C 
and  N , a re  in tro duced  to  fill th e  in te rs tic es  o f  a  p a ren t m e ta l fram ew o rk  and  can  cau se  
sub stan tia l ch anges  in p ropertie s . A no th e r type  o f  p o in t d e fec t is c au sed  b y  th e  ab sence  
o f  a tom s from  som e  av a ilab le  sites. T hese  a re  ca lled  la ttic e  vacanc ies , w h ich  a re  p o ss ib le  
even  in s tr ic tly  s to ich iom etric  com b in a tio n s . V ariou s  k inds o f  v acan cy  d e fec ts  h av e  been  
hypo th esized . T h e  s im p le st a re  th e  F renke l and S cho ttky  im perfec tion s . In  th e  fo rm er the 
la ttice  v acancy  is c rea ted  w hen  a sm all ca tion  le aves  its  s tru c tu ra l s ite  b u t is  re ta in ed  in  an  
in te rs titia l p o s itio n  in  th e  s tru c tu re , w h ils t in  th e  la tte r  a v acan t ca tio n  s ite  is  a ccom pan ied  
by  a v acancy  on  a n e ighbou ring  an ion  site. In  m o st s tru c tu re s  F ren k e l d e fe c ts  a re  less 
p ro b ab le  th an  S cho ttky  de fec ts  due  to  th e  lack  o f  su ffic ien t em p ty  sp ace  to  a ccom m oda te  
a d isp la ced  ca tion .
3 .2 .2  S u r f a c e  im p e r f e c t io n s  a n d  g r a in  b o u n d a r ie s .
Su rface  im perfec tio n s  have  th e  e ffec t o f  sepa ra ting  b lo cks o f  s tru c tu re  w ith in  th e  so lid  
in to  g ra in s  sepa ra ted  by  g ra in  boundarie s . E ach  g ra in  is a  s in g le  c ry s ta l and  con ta in s  
d efec ts . T h e  ex is ten ce  o f  g ra in  bounda rie s  is im p lic it in  th e  o ccu rren ce  o f  p o ly c ry s ta llin e  
so lid s  w ho se  c ry s ta llite s  can  be  in  a  random  array  o r  h ave  som e  so rt o f  p re fe rred  
o rien ta tion . B oundary  reg ion s  can  be  non -s tru c tu ra l b u t o n ly  th o se  th a t re la te  to  s tru c tu ra l
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changes  acro ss  th e  su rface  a re  con sid e red  here . Such  b ounda rie s  can  b e  d iv id ed  
acco rd ing  to  th e  m iso ren ta tio n  o f  th e  b lo ck s  o f  s tru c tu re  th a t th ey  sepa ra te . T he  g rea te r 
any  m iso ren ta tio n  b e tw een  the  b lo ck s, th e  m o re  eas ily  th ey  a re  d is tin g u ish ed  du e  to  th e  
m ore  severe  a tom ic  d is to rtio n s  w ith in  th e  bounda ry  reg ion s . In  a p o ly c ry s ta llin e  
agg reg a te  th e re  is la rg e  m iso ren ta tio n  b e tw een  ad jacen t g ra in s  and  a lth o ugh  on ly  a  few  
cells  th ick  th e  b ounda ry  reg ion s  are  h ig h ly  d is to rted  w ith  little  o r no  co h e ren cy  w ith  th e  
s tru c tu res  o f  th e  reg ion s  on  e ith e r  s id e  o f  them . W ith  sm all m iso ren ta tio n , th e  a tom ic  
a rrang em en t in  th e  b ound a ry  is to  som e ex ten t coh e ren t w ith  th a t o f  th e  ad jacen t 
c ry s ta llin e  b lo ck s. L ow  ang le  bounda rie s  are  o ften  fo rm ed  b y  lo ca l c o n cen tra tio n s  o f  
d is lo ca tio n s  to  re liev e  th e  s tra in  o f  th e  c ry sta l.
3 .3  R am a n  s c a t t e r in g  in  c r y s ta ls
The  R am an  e ffec t s tem s from  v ib ra tio n -in duced  changes  in  th e  e lec tron ic  p o la risab ility  
o f  a m o lecu la r sy stem . V ib ra tio n s  in vo lv ing  th e  c ry s ta l la ttic e  m ay  n o t b e  a sc rib ed  to  an  
in d iv idua l m o lecu le . In  a c ry s ta llin e  so lid  th e  la ttic e -v ib ra tio n a l ex c ita tio n s  a re  p lane  
w aves  ch a rac te rised  by  w ave  v ec to r k  as w ell as frequency  g o .4 The  w ave  v ec to r  is a 
v ec to r  w h ich  po in ts  in  th e  d irec tio n  o f  p rop aga tio n  o f  th e  w ave. I t is m easu red  in  cm '1 
and  d e fin es  the  v ec to r  in  rec ip ro ca l space . In  con tra s t to  e lec trom agn e tic  w aves  th e  w ave  
vec to r, k , o f  la ttic e  v ib ra tio n s  has a d isc re te  sp ec trum  w ith in  d e fin ed  lim its .5 
E ach  m ode  o f  ex c ita tio n  is te rm ed  a  p honon  m ode . P honon  m odes  a re  p ro p e rtie s  o f  th e  
c ry s ta l la ttic e , o ften  re fe rred  to  as b e in g  de lo ca lised , w h ich  m ay  b e  v isu a lised  as 
c o lle c tiv e  sta tes  o f  th e  en tire  so lid  th a t lie  low er in  ene rgy  th an  th e  in d iv id u a l m o lecu la r  
in te rn a l v ib ra tion  s ta tes . W hen  energy  is d epo sited  in to  th e  p honon  m odes  o f  th e  c ry s ta l, 
th e  tran sfe r o f  ene rgy  from  th e  phonon  m odes to  th e  in te rn a l v ib ra tio n a l m odes  m a in ta in s  
equ ilib rium . 6 P honon s  a re  th e  sm alles t p o ssib le  v ib ra tio n s  a so lid  can  m ake7. T h e  en ergy  
o f  each  phonon  is g iv en  by  h. co, w here  h  is P la n ck ’s co n s tan t.8 T he  co(k) p honon  
d isp e rs io n  re la tion s  (d isp e rs io n  cu rve) p rov id e  an  en e rgy  v e rsu s  m om en tum  
rep re sen ta tio n  o f  th e  v ib ra tio n a l m odes.
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F ig  3 .2 .1 : (A ) D ash ed  lin es  p lanes  o f  a tom s w hen  in  e q u ilib rium  and  so lid  lin es  a re  
p lanes  o f  a tom s w hen  d isp laced  as fo r  a  lo ng itu d in a l w ave. T he  co o rd in a te  u  m easu re s  
th e  d isp la cem en t o f  th e  p lanes  (B ) P lanes  o f  a tom s as d isp la ced  du rin g  a p a ssag e  o f  a
tran sv erse  w ave9
W ith  c ry s ta ls  h av ing  m o re  th an  one  a tom  p e r  p rim itiv e  cell th e  v ib ra tio n a l sp ec trum  
show s new  fea tu res . I f  w e co n sid e r  tw o  a tom s p e r p rim itiv e  ce ll fo r  e ach  po la risa tio n  
m ode  in  a  g iv en  p ro p ag a tio n  d irec tio n , th e  d isp e rs io n  re la tio n  co (k) d ev e lo p s  tw o  
b ranches, know n  as acou stica l and  op tica l b ranches . T h e re  a re  lo ng itu d in a l (LA ) and  
tran sv erse  (TA ) acou stica l m odes, and  lo ng itu d in a l (LO ) and  tran sv e rse  (TO ) op tica l 
m odes. In  th e  case  lo n g itu d in a l m odes th e  d isp la cem en t o f  a tom s from  th e ir  eq u ilib rium  
po s itio n  co in c id es  w ith  th e  p rop aga tio n  d irec tion  o f  th e  w ave, w he reas  fo r  tran sv e rse  
m ode , a tom s m ove  p e rp end icu la r  to  th e  p ro p ag a tio n  o f  th e  w ave
3 .3 .1  A c o u s tic a l  p h o n o n  m o d e s5
C on s id e r  a ch a in  o f  id en tica l a tom s o f  m ass  M  spaced  a t a  d is tan ce  a ,  th e  la ttic e  
con stan t, connec ted  by  in v is ib le  H ook e ’s law  sp ring s . F o r s im p lic ity  lo ng itu d in a l 
de fo rm a tio n s  (d isp lacem en ts  o f  a tom s are  p a ra lle l to  th e  ch a in ) a re  con sid e red .
U n =  d isp la cem en t o f  a tom  n from  i t ’s equ ilib rium  po s itio n  
Un-i =  d isp lacem en t o f  a tom  n-1 from  i t ’s equ ilib rium  po s itio n  
U n+i =  d isp la cem en t o f  a tom  n-1 from  i t ’s equ ilib rium  po s itio n
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The  fo rce  on  an  a tom  is g iv en  by  its d isp lacem en t and  th e  d isp lacem en t o f  its  n ea re s t 
n e ighbou rs :
Fn = P (U n+1- 2 U n +  U n.1) (3 .3 .1 )
The  equa tion  o f  m o tion  is:
d 2U
M  Y  = J3(Un +1 -  2Un +  Un -  l) (3 .3 .2 )
d .t
w here  (3 is  a  sp ring  constan t. E qua tio n  3 .3 .2  is  n o t o bv iou s ly  a  w ave  equa tion , b u t 
a ssum ing  a  trav e llin g  w ave  so lu tion , n am ely
U n =  U no e x p [ i(k n a  ±  cot)] (3 .3 .3 )
L et U no =  Uo s in ce  i f  it is a  w ave , it has to  h ave  a  d e fin ite  am p litu de .
I f  th e  w ave  so lu tion  is substitu ted  in to  th e  equa tion  o f  m o tion , th e  p h o n o n ’s d isp e rs io n  
re la tion  fo r lin ea r m ona tom ic  cha in  is as  fo llow s:
4  B  k a
6) = ± \ ~ m  s in _ i T  (3 -3 *4 )
The  d isp e rs io n  cu rve  fo r a  m ona tom ic  m o lecu le  is show n  in  fig  3 .3 .1 .
c o = (2 / t ? ) v 0  s i n  k t f / 2
k  - n / a  0  n / a
F ig  3 .3 .1  P honon  d isp e rs ion  cu rve  fo r a  m onoa tom ic  m o lecu le83
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A n im po rtan t fea tu re  o f  th e  d isp e rs io n  cu rve  is th e  p e rio d ic ity  o f  th e  func tion . F o r un it 
cell leng th  a ,  th e  repea t p e rio d  is 27 t/a, w h ich  is equal to  th e  u n it ce ll leng th  in  th e  
re c ip roca l la ttice. T he re fo re  th e  u sefu l in fo rm atio n  is  con ta in ed  in th e  w aves  w ith  w ave  
vec to rs  ly ing  be tw een  th e  lim its:
7t n
~ — < k < —  
a  a
Th is  range  o f  w av e  v ec to rs  is ca lled  th e  f irs t B rillo u in  zone . A t th e  B rillo u in  zone  
boundarie s , th e  n ea res t a tom s  o f  th e  cha in s  v ib ra te  in  th e  o ppo site  d irec tion s  and  th e  
w ave  becom es  a  s tand ing  w ave .
A s  k  app roaches  zero  (th e  long -w ave leng th  lim it) s in  x  —» x  and  w e  have
\4B ka
6) = V m  T  <3 3 -5 >
w here  vo is a  p h ase  ve lo c ity , w h ich  is equ iv a len t to  th e  v e lo c ity  o f  a  sound  in  th e  cry sta l. 
P honon s  w ith  frequency  w h ich  goes to  zero  in th e  lim it o f  sm all k  a re  k now n  as 
acoustica l phonon s .
3 .3 .2  O p t ic a l P h o n o n  M o d e s 5
C onsid e ring  a  la ttic e  w ith  tw o  a tom s in th e  p rim itiv e  ce ll it  is  n ecessa ry  to  w rite  so lu tio n s  
fo r th e  d ep lacem en t co rre spond ing  to  th e  m asses  M  and  M i. T he  equ a tio n s  o f  m o tio n  are :
C^2 U 2
M  - j  =  PiUln + l — 2Uln + U2n- l) ( 3 .3 .6 )
O t
M 3  Ul " * '  = P (U in  + 2 - 2 U m * 1 +  Urn) (3 .3 .7 )
o t
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and  assum ing  so lu tions:
Uin = A  e x p [ i(2 n k a  ±  co * /]
Uin  + 1 =  BQ xp[i((2n  + 1 ) k a  ±  co * /)]
(3 .3 .8 )
(3 .3 .9 )
where  A  and  B  are  th e  am p litu d es  o f  v ib ra tio n  o f  a tom s M  and  M i re spec tive ly . 
T he  d ia tom ic  case  has tw o  so lu tion s  o f  th e  d isp e rs ion  re la tion :
f  1 1 ^ 4  s in 2 k a
M M i
( 3 .3 .1 0 )
1st B r il lo u in  Z on e
c0
{ I f  (W +  l  /  m)
I m  
■ J Z p l M
- v J 2 a  0  h /2 a
F ig  3 .3 .2 :  Phonon  d isp e rs ion  cu rv e  fo r  a  d ia tom ic  m o lecu le
The  a llow ed  frequenc ies  o f  p ropaga tion  w av e  a re  sp lit in to  an  uppe r b ranch , k n ow n  as 
th e  op tica l b ranch , and  a  low er b ranch  ca lled  th e  acou stica l b ranch . T he re  is a  b and  o f  
frequenc ies  b e tw een  th e  tw o  b ranches  th a t c anno t p ropaga te . T he  w id th  o f  th is  fo rb idden  
band  d epend s  on  th e  d iffe rence  o f  th e  m asses  (M  and  M i). I f  th e  tw o  m asses  a re  equa l, 
th e  tw o  b ranches  jo in  (becom e degenera te ) a t n /2 a .  T he  firs t B riillo u in  zone  goes from  
k=  -n /oo  to  k  =  n/ao  ju s t  as in th e  m ona tom ic  case  i f  th e  la ttic e  con stan t cio is u sed  in s tead  
o f  th e  in te ra tom ic  d is tan ce  a  T he  acou stica l b ranch  is qua lita tiv e ly  s im ila r to  th e  
d ispers ion  re la tio n  fo r a  m ona tom ic  la ttice , b u t th e  op tica l b ranch  rep re sen ts  a  c om p le te ly
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d iffe ren t fo rm  o f  w ave . T he  m ajo r d iffe rence  b e tw een  th e  a cou s tica l and  op tica l b ranches  
is th a t fo r  th e  op tica l b ran ch  (LO ) th e  tw o  a tom s in  th e  u n it c e ll m ove  o ppo s ite  each  o th e r 
and  th e  lig h t m ass  am p litu d e  is g rea te r. F o r th e  acou stica l b ran ch  (LA ) th e  d isp la cem en t 
o f  b o th  a tom s has th e  sam e am p litu de , d irec tion  and  phase . T h is  re la tio n sh ip  can  be  
v isua lised  from  fig u re  3 .3 .3 .
F ig  3 .3 .3 : T ran sv e rse  op tica l and  tran sverse  acou stica l w aves in  a  d ia tom ic  lin e a r  la ttice  
(p a rtic le  d isp lacem en ts  fo r the  tw o  m odes a t th e  sam e w ave leng th )
I f  th e re  are  n a tom s in  th e  p rim itiv e  cell, th e re  w ill b e  3n  b ranches  to th e  d isp e rs io n  
re la tion : 3 acou stica l b ranches  and  3n-3  op tica l b ranches . T hu s  N aC l w ill h av e  six  
b ranches: o n e  LA , one  LO , tw o  TA  and  tw o  TO . T he  n um be r o f  th e  b ran ches  fo llow s 
from  th e  n um be r o f  d eg rees  o f  freedom  o f  th e  a tom s. W ith  n  a tom s in  th e  p rim itiv e  cell 
and  N  p rim itiv e  ce lls , th e re  a re  nN  a tom s. E ach  a tom  has  th ree  d eg rees  o f  freedom , one  
fo r e ach  o f  th e  x , y and  z d irec tion s , m ak ing  a to ta l o f  3nN  deg rees  o f  f reedom  fo r th e  
c ry s ta l. T h e  n um be r o f  a llow ed  K  va lu es  in  a s ing le  b ran ch  is ju s t  N  fo r  on e  B rillo u in  
zone . T hu s  th e  LA  and  th e  tw o  TA  b ranches  h ave  a to ta l o f  3N  m odes, th e reby  
accoun tin g  fo r  3N  o f  th e  to ta l; d eg rees  o f  freedom . T he  rem a in ing  (3n  -  3 )N  d eg rees  o f  
freedom  are  accom m oda ted  by  th e  op tica l b ranches .
In  am o rphou s  so lid s  th e  v ib ra tion s  a re  no  lo n g e r p lan e  w aves  and  k  has  no  m ean ing . T he  
(o(k) re la tio n sh ip  is n o t v a lid  in  an  am o rphous  so lid . H ow eve r, th e  co n cep t o f  v ib ra tio n a l 
d en s ity  o f  s ta tes  g(co) re ta in s  its v a lid ity . H ere  g(co)dco is th e  n um ber o f  e ig env ec to rs  p e r  
u n it vo lum e , w ith  frequ enc ies  b e tw een  (D and  to +  dco. T h e  k  co n se rv a tio n  ru le  is v ery
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s tric t fo r  phonon s . T h e re  can  b e  up  to  1024 po ss ib le  v ib ra tio n s  in  a ty p ica l m acro scop ic  
c ry s ta l bu t on ly  an sm all n um ber (the  o rd e r o f  1 0 l) in te ra c t w ith  lig h t in  th e  f irs t o rd e r 
op tica l exp erim en ts  4 C ry s ta l v ib ra tio n s  com e from  zon e -cen tre  (k=0 ) p honon s  o f  the  
r ig h t sym m etry  to  in te ra c t w ith  th e  lig h t u sed . O n ly  zo n e -cen tred  m odes can  p ro du ce  
firs t-o rd e r  (o ne  p ho to n  ann ih ila ted , one  p honon  c rea ted ) in fra red  ab so rp tio n  in  a  c ry sta l. 
C ry s ta l m odes w ith  k  v a lu es  aw ay  from  th e  cen tre  o f  th e  B rillo u in  zone  a re  o p tica lly  
in ac tiv e . T he  k=0 , con se rv a tio n  ru le  is ove rth row n  fo r  am o rphou s  so lid  and  all p honon s  
m ay  p a rtic ip a te  in  firs t-o rd e r  in te rac tio n s  w ith  ligh t. In  firs t-o rd e r-R am an  sca tte rin g , an  
in c id en t p ho ton  is ann ih ila ted  and  a phonon  and  sca tte red  p ho to n  a re  c rea ted . T he  
phonon -en e rg y  sh ift o f  th e  sca tte red  ligh t, w ith  re sp ec t to  th e  in c id en t ligh t, lo ca tes  th e  
frequ en cy  o f  th e  p honon  invo lv ed . B ro ad  band s  fo r  an  am o rphou s  m a te ria l is an  im age  o f  
th e  d en s ity  o f  s ta tes  g(co). In  an  am o rphous  so lid , co n tr ib u tio n s  from  th e  en tire  p h onon  
d ensity  o f  s ta tes  ap p ea r  in th e  f irs t-o rd e r R am an  spec tra .
3 .4  R am a n  s p e c t r o s c o p y  o f  c a r b o n a c e o u s  m a t e r ia ls
3 .4 .1  I n t r o d u c t io n
C arbonaceou s  m a te ria ls  a re  sub stances  o f  w h ich  carbon  is th e  m a jo r e lem en t.10 
T he  m ost com m on  c ry s ta llin e  fo rm s o f  ca rbon  a re  g raph ite  and  d iam on d .11 
G raph ite  has a h ex agona l, lay e red  s tru c tu re  w ith  w eak  in te rla y e r b o n d in g  fo rc e s .12 Its  
c ry s ta l m ay  be  v isu a lised  as in fin ite  pa ra lle l layers  o f  h ex agon , b en zen e -lik e  s tru c tu re s , 
s tacked  3 .57A  ap a r t w ith  an  in te ra tom ic  d is tan ce  o f  1 .42A  in  th e  b asa l p lan e . T he  b asa l 
p lane  a tom s a re  tr ig ona lly  co o rd in a ted  and  c lo se ly  p ack ed  w ith  s trong  a  (cov a len t)  b ond s  
to  th ree  n e ig hbou rin g  carbon  a tom s v ia  sp2-hyb rid ised  o rb ita ls  (sp2-b ond ing ). T h e  fou rth  
e lec tron  lies  in  a  p z o rb ita l ly in g  no rm al to th e  a  b o nd in g  p lan e  and  fo rm s a  w eak  n  b ond  
by  o v e rlapp ing  s id e  to  s id e  w ith  a  p z o rb ita l o f  an  ad jacen t a tom  to  w h ich  c a rbon  is 
a ttached  by  a a  bond . T he  lay ers  a re  re la tiv e ly  fa r  a p a rt and  a re  w eak ly  bond ed  by  van 
d e r W aa ls  fo rces.
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The  d iam ond  cry sta l is a rranged  in  a  m od ified  fa ce -cen tred  cub ic  (fee ) s tru c tu re  w ith  an  
in te ra tom ic  d is tan ce  o f  1.54A . Its  cub ic  la ttic e  com prises  o f  tw o  in te rp en e tra tin g  fee  
la ttic es d isp laced  by  o n e -qu a rte r o f  th e  cub ic  d iagonal. E ach  a tom  is te trah ed ra lly  
coo rd in a ted  w ith  s trong  a  bond s  to  its  fo u r  n e ig hbou ring  a tom s v ia  sp3-hyb rid ised  
o rb ita ls  (sp3-bond ing ).
T he  g raph ite  and  d iam ond  s tru c tu re s  a re  show n  in  fig u re  3 .4 .1 (a ) and  3 .4 .1 (a ) 
respec tive ly .
0  C A tom
F ig u r e  3 .4 .1 : T he  s truc tu re  o f  (a ) g raph ite  and  (b ) d iam ond  from  B u sh an 12
The  carbon  from  D PM  and  coa l d u s t s tud ied  h e re  is exp ec ted  to  be  s im ila r to  d iso rd e red  
g raph ite  w ith  lim ited  long -range  o rd e r and  sp3-b onded  d iam ond -lik e  ca rbon  in c lu s ion s. 
T he  m os t p rob ab le  a rrangem en t be ing  sp2-bonded  g raph itic  reg ion s  d is tr ib u ted  in  a  
random  n e tw o rk  o f  sp2 and  sp3 bonded  carbons. T he  g raph itic -lik e  reg ion s  h ave  th re e  
b asic  s truc tu res; c ry sta llite , tu rbo s tra ta l and am o rphou s .13 G raph ite  c ry s ta llite s  a re  th re e -  
d im ensiona lly  o rde red  reg ion s  w ith  a  sub stan tia l n um be r o f  d e fec ts  in th e  cry sta l la ttic e . 
T u rbo stra ta l c a rbons  a re  p lan a r po ly a rom a tic  basic  s truc tu ra l u n its  (B SU ), so lita ry  o r  in  
c lu stres , in  w h ich  th e  B SU s a re  pa ra lle l b u t th e  o rd e r  o f  th e  pack ing  layers a lo ng  th e  c- 
ax is  p e rp end icu la r to  th e  layers, w h ich  is ty p ica l fo r c ry sta ll in e  g raph ite , is a lte red . T h is  
p h a se  can in c lude  sm all c lu ste rs  o f  2 -D  hexagona l g raph ite  layers (g raphene). H ow eve r,
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th e  p o s itio n  o f  th e  carbon  a tom s in  the  B SU s m ay  d ev ia te  m ark ed ly  from  an  id ea l 
h ex agona l n e tw o rk . A m o rphou s  ca rbon  (a -C ) exh ib its  a  com p le te  la ck  o f  tran s la tio n a l 
o rd e r  a sso c ia ted  w ith  c ry s ta llin e  (even  n anocry sta llin e ) m a te ria ls . T he  s im p le s t fo rm  o f  a- 
C  is g raph itic  am o rphou s  c a rbon  (g -C ), w h ich  is a  2 -D  con tin uou s  ran dom  n e tw o rk  
(C RN ) w ith  sp2 b ond ing  b e ing  d om in an t.11 Som e m ode ls14,15 o f  a-C  in co rp o ra te  g raph itic  
ra fts  fo rm ed  from  rapped  lay ers  o f  3 -coo rd in a ted  (sp2-bonded ) a tom s a rran g ed  in  quasi-2 - 
D  CRN s w ith  p lan a r  d im en sion s  o f  5 -20A . B ond  leng th s  s tay  m uch  the  sam e  as g raph ite  
(1 .4 2A ) b u t b ond -ang le  d is trib u tio n s  w ith  10-25° w id th s  a llow  fo r  th e  fo rm a tio n  o f  a 
s ig n ific an t n um be r o f  5 ,7  and  p e rh ap s  even  4 ,8 ,9  m em bered  ring s . T h e se  m ode ls  sugges t 
th a t th e  q u a s i-p lan a r  ra fts  a re  linked  to g e th e r  w ith  v a ry ing  concen tra tio n s  o f  sp  -b onded  
a tom s (1 -10%  in  g -C ) w h ich  a llow  fo r  ch anges  in  o rien ta tio n s  o f  th e  ra f t p lan es  w ithou t 
th e  n ecess ity  o f  d ang lin g  bond s  o r vo id s  th a t w ou ld  re su lt from  u n conn ec ted , random ly  
o rien ta ted  p lane . T h is  re su lts  in  m eso scop ic  iso trop ic ity  in  g-C . T he  ed g e  c a rb on  a tom s at 
th e  c ry s ta l b o und a ry  m ay  a lso  b e  a ttached  to  chem ica l g roup s , su ch  as a  ca rb ony l g roups, 
hyd roxy l g roups, ca rboxy l g roup s  o r  h yd rogen  a tom s .16 Am o rphou s  m a te ria ls  genera lly  
e x h ib it b ro ad  R am an  peak s  cau sed  by  s tru c tu ra l d is trib u tio n s  and  b reakdow n  o f  th e  k=0  
R am an  se lec tion  ru le . T h e  d eg ree  o f  o rd e r is ch a rac te rised  by  th e  in -p lan e  coh eren ce  
leng th  o r m ean  basa l p lane  d iam e te r  (L a) o f  hexagona l o rd e r  and  th e  ran g e  o f  p lan a r  
s tack ing  (L c). P o ly c ry s ta llin e  g rap h ite  exh ib its  v a ry ing  d eg rees  o f  c ry s ta llin e  o rd e r from  
h igh  o rd e red  py ro ly tic  g raph ite  (HO PG ) (L a ~ 1pm  and  L c ~ 4 pm ) to g la ssy , tu rbo s ta tic , 
o r n ano c ry s ta llin e  g raph ite  and  g raph ite  fib res  (L a>  1 .5nm  and  L c ~ ln m ) .11,17 T h e  R am an  
spec tra  o f  ca rbon  m ate ria ls  a re  k n ow n  to  very  sen s itiv e ly  re fle c t th e ir  a tom ic  s tru c tu re .18
3 .4 .2  R am a n  s p e c tro s c o p y  o f  g r a p h i t ic  c a r b o n  m a te r ia ls
3 .4 .2 .1  T h e  R am a n  D  a n d  G  b a n d s  o f  g r a p h i te
B efo re  th e  adv en t o f  th e  la se r as a R am an  sou rce , R am an  sp ec tra  o f  c om p le te ly  b lack  
m a te ria ls  lik e  g raph ite  w as no t po ssib le . T u in s tra  and  K oen ig  o b ta in ed  th e  f irs t repo rted  
R am an  sp ec trum  o f  g raph ite  in  1970 .19 T hey  ob se rv ed  a s in g le  p eak  a t 1 5 7 5 cm '1 fo r a 
s ing le  c ry s ta l o f  g raph ite  (see  figu re  3 .4 .2 ). R am an  se lec tion  ru le s  d ic ta te  th a t R am an
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activ ity  fo r  a  crysta l can  on ly  be  ob se rv ed  in  th e  lim it w he re  th e  w ave  v e c to r  (k ) is  equa l 
to  zero . T he  sing le  c rysta l g raph ite  b e long s  to  th e  D 46h symm etry  g roup  and  its  op tica l 
zon e-cen tre  p honon  m odes  (T ) a re  c a lcu la ted  as fo llow s:
r  =  2B2g +  2E2g +  A2u +  Eiu 
O n ly  th e  4  E 2g m odes  a re  R am an  ac tive . T hese  co rre spond  to  a  v e ry  s tro ng  in -p lane
9  1 1
s tre tch ing  b and  (E 2g ) a t l5 8 1  ±  1cm ' and  a  w eak e r low -frequency  band  (E 2g ) a t 47  ±  
2 cm '1. T he  E Ju and  A 2u m odes  a re  in fra red  ac tiv e  w ith  ca lcu la ted  frequ enc ies  o f  1 588cm '1 
and  8 6 3 cm '1 re spec tive ly . A ll o th e r  m odes  a re  op tica lly  in ac tiv e .20
l O O O c m ' 1
I
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F ig u r e  3 .4 .2 : T u in s tra  and  K o en ig ’s R am an  spec trum  o f  s in g le  c ry sta l g rap h ite 19
W hen s tudy ing  o th e r g raph itic  m a te ria ls  T u in s tra  and  K oen ig  a lso  ob se rv ed  a  second  
band  n ea r  1 355cm '1 (see  figu re  3 .4 .3 ). T he  re la tiv e  in ten s ity  o f  th is  band  in c reased  w ith  
an  increase  in  th e  am oun t o f  d iso rd e red  carbon  in th e  sam p le  and  a  d ec rease  in th e  
g raph ite  c rysta l size. D iam ond  g iv es  a  s trong  R am an  line  a t 1 332cm '112 and  it w as  
p o ss ib le  th a t th is  n ew  fea tu re  a t 1355cm '1 w as  ju s t  a  sh if ted  d iam ond  band . H ow eve r, th is  
w as ru led  o u t b ecause  th e  d iam ond  b and  w ou ld  b e  ex p ec ted  to  sh ift to  low er f requ enc ies
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becau se  o f  ten sile  s tre ss  a ssoc ia ted  w ith  b ond  d is to rtio n s  and  from  a h ea tin g  e ffe c t due  to 
the  la se r  rad ia tion . So, th ey  a ttr ibu ted  th e  1 3 5 5 cm '1 lin e  to  a b re akdow n  in  the  k  =  0  
se le c tion  ru le  fo r  R am an  ac tiv ity  o f  ce rta in  p honon s , in  sm all c ry s ta llite s  o r  b ound a rie s  o f  
la rg e r c ry s ta ls , w h ich  w ere  in ac tiv e  in  th e  in fin ite  la ttice . L ook ing  a t th e se  sm all 
c ry s ta llite s  as la rg e  m o lecu les  w ith  d iffe ren t s izes and  shapes, th e  on ly  n ew  R am an  active  
m odes a re  o f  th e  A ig type  w ith  D 3h symm etry . T h is  m ode  is in ac tiv e  in  in fin ite  c ry s ta ls  
becau se  ch anges  in  p o la risab ility  cance l o v e r th e  in fin ite  c ry sta l. T h is  is n o t tru e  fo r  sm all 
c ry s ta ls  and  a c tiv ity  can  be  ob serv ed . T h e  m o re  d iso rd e red  th e  s tru c tu re  th e  b ro ad e r  the  
bands becom e . T h e  com p le te  sep a ra tio n  o f  th e  1 580 cm '1 and  1 360 cm '1 b and s  has  been  
ob se rved  in  sam p les  w he re  th e  m ic ro c ry s ta llite  s ize  is g rea te r  th an  5 nm .10 O ve rlap p ed  
fe a tu res  a re  o b se rv ed  from  sam p les  con ta in ing  sm alle r c ry s ta llite s .21
 ^ o  O O  -i. - . 1 5 0 0
R A M A N  S H I F T  in  c m * ’
F ig u r e  3 .4 .3 : T u in s tra  and  K o en ig ’s19 R am an  sp ec trum  o f  a c tiv a ted  ch a rco a l w ith  the  
g raph itic  b and  a t - 1 5 8 0 cm '1 and  th e  d iso rd e r in duced  b and  a t - 1 3 6 0 cm '1
S in ce  T u in s tra  and  K o en ig ’s w o rk  severa l d iffe ren t exp lan a tio n s  h av e  b een  g iv en  fo r  the  
band  a t - 1 3 5 5 cm '1 bu t all ag ree  th a t it is re la ted  to  s tru c tu ra l d iso rd e r in th e  g rap h ite  
la ttic e . H erea fte r, th e  lin e  a t -1 5 7 5 cm '1 w ill b e  re fe rred  to  as th e  G  (fo r g rap h itic )  b and  
and  th e  lin e  a t - 1 3 5 5 cm '1 w ill b e  re fe rred  to  as th e  D  (fo r d iso rd e r) band . H ow ev e r, in  
ce rta in  cases  d iso rd e r is con sid e red  an  in app rop ria te  te rm  to  app ly  to  th e  D  band . F in ite - 
s ize  e ffec t, th e  in flu en ce  o f  the bounda ry  phonons; (no th ing  to  do  w ith  d iso rd e r  in  th e
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sense  th a t th e  te rm  “d iso rd e red  c a rb on ” ) o ften  im p lie s  on ly  sh o rt-rang e  o rd e r  in  all
d irec tion s  w hereas  in som e  cases  th e  sam p le  can  h ave  lo ng  coh e ren ce  leng th s  w ith in  the
2 2p lane , b u t d iso rd e r  in th e  th ird  d irec tion . F irst-  and  s e cond -o rd e r R am an  sp ec tra  are  
sen s itiv e  to  th e  d eg ree  o f  g raph itisa tio n . T he  f irs t-o rd e r is e sp ec ia lly  sen s itiv e  to  th e  
ex ten t o f  th e  2 -D  g raph itic  o rd er, w h ile  th e  second -o rd e r is  m o s t sen s itiv e  to  th e  
g raph itisa tio n  p ro cess  w h ich  g iv es  rise  to  th e  3-D  o rd e rin g  o f  h ex agona l g raph ite  
s tack ing .23 W ang  e t a l20 d iscu ssed  th ree  po ss ib le  o rig in s  o f  th e  D  band . T h e  firs t 
ex p lan a tio n  b e ing  a  d ec rease  in  symm etry  n ea r m ic ro c ry s ta llite  edges, re d u c in g  th e  space  
g roup  from  D6h to  C 3V o r even  C s. N ew  m odes, such  as th e  A ig m ode , can  th en  becom e  
ac tive . T h e  second  exp lan a tio n , w h ich  is re la ted  to  th e  first, is th e  b re akdow n  o f  th e  k=0  
se lec tion  ru le  fo r  o p tica l p honon s  n ea r c ry s ta llite  edges , p e rm ittin g  phonon s  o th e r th an  
the  1588 cm '1 and  4 7 cm '1 b and s  to  b ecom e  ac tive , and  the  sp ec tra  re fle c t th e  d en s ity  o f  
p h onon  sta tes  in  th e  d iso rd e red  la ttice . T h e se  exp lan a tio n s  a re  c lo se ly  re la ted  to  T u in s tra  
and  K o en ig ’s th eo ry  and  h ave  b een  u sed  to  exp la in  th e  D  b and  in  num erou s  
p ub lic a tio n s .16,18,24*30 H ow ever, a  th ird  exp lan a tio n  p ropo sed  by  M ern agh  e t a l31 is ve ry  
d iffe ren t. T h ey  p o s tu la te  th a t th e  D  band  o rig in a tes  from  spec ific  v ib ra tio n s  a t c ry s ta llite  
edges, e .g ., o x id es  o r C =C  g roup s  w h ich  a re  p re sen t on ly  a t th e  edges  and  n o t d irec tly  
re la ted  to  th e  h ex agona l g raph ite  la ttic e  b u t are  an a logou s  to  fu n c tio n a l g roup s . R ecen tly  
P o cs ik  e t a l32 p ropo sed  y e t ano th e r th eo ry . T hey  a rgu e  th a t th e  p rev io u s  exp lan a tio n s  fail 
to  a ccoun t fo r  d iffe ren t in  th e  D  band  p o s itio n s  w ith  d iffe ren t ex c ita tio n  sou rces  and  
p ropo se  th a t R esonance  cau ses  th is  d isp ers ion . T h is  is as a re su lt o f  coup lin g  o f  th e  k - 
v ec to r o f  th e  e lec tro n ic  sta tes  in vo lv ed  in  th e  lig h t a b so rp tio n  w ith  th e  k -v e c to r  o f  
phonons  con trib u tin g  to  th e  R am an  spec trum . T he  d ep end en ce  o f  th e  R am an  sp ec tra  o f  
ca rbon  on  th e  ex c ita tio n  w ave leng th  is exp la in ed  in  sec tio n  3 .4 .5  o f  th is  chap te r. T h is  
in c ludes  a m o re  d e ta iled  ex p lan a tio n  o f  P o cs ik  e t a l ’s th eo ry  on  th e  D  band .
3 .4 .2 .2  T h e  D ' b a n d
A  line  a t - 1 6 2 0 cm '1 w as ob se rv ed  by  N akam izo  e t al in  1974.33 V inado  and  F isch b ach 24 
a ssig ned  it to  th e  sp littin g  o f  th e  d eg en e ra te  E 2g m ode  and  a b re akdow n  o f  th e  se lec tion  
ru le s  a llow ing  th e  con trib u tio n  from  non -ze ro -cen tre  phonon s . T h is  b and  has b een
51
ca lcu la ted  to be a p eak  in  the d en sity  o f  s ta tes  in  g rap h ite .18,34,35 D re sse lh au s  and  
D resse lh au s  a ss ig n ed  th is  lin e  to  an  E 2g m ode  fo r a g raph ite  b ound a ry  la y e r ad jacen t to 
an  in te rc a lan t lay e r and  no t lo ca ted  b e tw een  tw o  o th e r g rap h ite  p lan es . T hey  a ttr ib u te  the  
u pw ard  frequ ency  sh ift to  d iffe rences  in  th e  e lec tron ic  env iro nm en t fo r  th e  bounda ry  
lay e r com pared  to  an  in n e r  layer. T he  m ode  fo r  th e  1 620 cm '1 b and , w h ich  has  b een  
d eno ted  as th e  E '2g m ode20, is d ep end en t on  s tru c tu ra l d iso rd e r and , lik e  th e  D  band , its 
in ten s ity  in c rease s  w hen  c ry s ta llite  s ize  decreases . H e rea fte r  th e  1 6 2 0 cm '1 b and  w ill be 
re fe rred  to  as th e  D ' band . S ze  e t a l27 a lso  ass ign  th e  D ' b and  to  th e  E '2g m ode  fo r the 
g raph ite  layers  lo ca ted  a t th e  b ounda rie s  o f  th e  c ry sta ls . T h e  D ' b and  is sen s itiv e  to  th e  
com po sitio n  o f  th e  m a te ria l in  co n tac t w ith  th e  su rface  la y e rs  o f  th e  g raph ite , w h ich  
m od ifies  th e ir  e lec tron ic  env ironm en t. L ik e  D resse lh au s  th ey  a ttr ib u te  th e  u pw a rd  sh ift to 
an  a lte red  e lec tron ic  s ta te  o f  a  bounda ry  p lan e  o r  by  its re d u ced  symm etry . In  d iso rd e red  
carbon s  th e  G  band  sh ifts  from  - 1 5 8 0 cm '1 to  -1 6 0 0 cm '1 th is  sh ift has  b e en  a ttr ib u ted  to 
the p re sen ce  o f  a D ’ band  and  in h igh ly  am o rphou s  carbon s. In  th is  case , th e  D ' b and  
dom ina te s  the G  b and .29
3 .4 .2 .3  C r y s ta l l i t e  s iz e  e s t im a t io n s  u s in g  D /G  b a n d  r a t io s
Tu in s tra  and  K o en ig 19 ob se rv ed  th a t th e  ra tio  o f  th e  in ten s itie s  fo r  G  and  D  b and  w as 
inve rse ly  p ro po rtio n a l to  th e  c ry s ta llite  s ize  L a as d e te rm in ed  by  X RD .
R = Id/Ig  (3.4.1)
U sing  equa tion  3.3 th ey  cou ld  ca lcu la te  th e  s ize  o f  g raph ite  c ry s ta llite s :
L a(nm ) =  4 .4 /R  ( 3 .4 .2 )
These  equa tion s  h ave  s in ce  b een  u sed  to d e te rm in e  c ry s ta llite  s izes  in a  w id e  v a rie ty  o f  
g raph itic  m a te ria ls .11,16,21,22,26,29,35,37*39 Som e s tu d ie s  u se  ju s t  th e  R  v a lu e  to  id en tify  
changes  in ca rbon  m a te ria ls  w ith  d iffe ren t trea tm en ts ,38 s ta ting  th a t th e  c ry s ta llite  s ize  
had  b ecom e  sm alle r i f  th e  R  va lu e  inc reased  and  th e  s ize  h ad  in c reased  i f  th e  v a lu e  
d ecreased . O th e r  w o rk  u sed  equa tion  3 .4 .2 16,28,35 and  d iscu ssed  th e  re su lts  w ith o u t tak ing
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in to  a ccoun t th e  p o ss ib ility  o f  h igh  e rro rs . H ow ever, th e  m a jo rity  o f  re sea rch e rs
cou ld  be  m easu red  re a son ab ly  accu ra te ly  i f  a rom atic  s tru c tu re s  p red om in a te ; o th e rw ise  
the  re su lts  w ere  h ig h ly  e rroneou s. I t has a lso  been  o b se rv ed  th a t th e  fo rm u la  w o rk s  b est 
fo r c ry s ta llite  sizes in  th e  ran g e  o f  2 .5 -lO O nm .11’37
T he  equa tio n  w as o rig in a lly  fo rm u la ted  u s ing  sp ec tra  o b ta in ed  u s ing  a  4 8 8 nm  K r+ 
ex c ita tio n  sou rce . T h e  R am an  spec tra  o f  ca rbon  m ate ria ls  is h igh ly  d ep end en t on  th e  
ex c ita tio n  sou rce  u sed  (d iscu ssed  la te r  in  th is  ch ap te r) , m ak ing  it n ece ssa ry  to  m od ify  the  
o rig in a l eq u a tio n  i f  a  d iffe ren t sou rce  th an  488nm  is u sed . R ecen tly  E ndo  e t a l35 s tu d ied  
carbon  fib res  u s in g  a H eN e  633nm  sou rce , s im ila r to  th e  sou rce  u sed  in  th e  p re sen t s tudy . 
T hey  adap ted  T u in s tra  and  K o en ig ’s equa tion  in to  equ a tio n  3 .4  to  a ccoun t fo r  th e  u se  o f  
th is  d iffe ren t sou rce .
T he  in ten s ity  o f  th e  G  band  is a m easu re  o f  th e  ave rage  vo lum e  o f  th e  o rd e red  g raph ite  
c ry s ta ls  in  th e  sam ple . T he  in ten s ity  o f  th e  D  b and  is in v e rse ly  p ro po rtio n a l to  th e  average  
c ry s ta l s ize  (w ith in  a range). T h e  D  band  shou ld  on ly  b e  o b se rv ed  fo r  c ry s ta ls  sm alle r 
than  a  few  tens o f  n anom ete rs  and  its p rec ise  o rig in  is s till in  d oub t. T h e  D  band  in ten s ity  
is a  m easu re  o f  th e  to ta l a rea  o f  th e  c ry sta l edges  and  the  ra tio  o f  D  to G  w ou ld  be  
inve rse ly  p ro po rtio n a l to  th e  rad iu s  o f  th e  c ry sta l. T h e  D ' b and  o rig in a te s  in  th e  su rface  
m odes and  is ch a rac te ris tic  o f  layers  w h ich  h ave  a g raph ite  la y e r  o n  on e  s id e  and  
som eth ing  e lse  on  the  o th er. T he  D ' b and  in ten s ity  re flec ts  th e  su rface  a rea  o f  th e  av erag e  
c ry sta l ( if  th e  in flu en ce  o f  th e  som eth ing  e lse  is igno red ). In  th e  cy lin d rica l 
app rox im a tion , th e  ra tio  o f  th e  D ' p eak  to  th e  G  p eak  is in v e rse ly  p ro po rtio n a l to  th e  
ave rage  th ickness  o f  th e  c ry sta ls . I f  th e  ra tio  o f  D ' to  G  is la rg e  the  su rfa ce  to  v o lum e
in co rpo ra tin g  th is  fo rm u la  in th e ir  w o rk  are  aw are  th a t it  is a  s tr ic tly  em p irica l m easu re .22 
C u sta  e t al ob se rv ed  th a t it is on ly  v a lid  fo r a firs t app rox im a tio n  o f  L a and  can  h ave  
very  la rge  e rro rs . G reen  e t a l29 ob se rv ed  th a t s izes o f  g rap h ite  m ic ro c ry s ta llite s  in  coal
( 3 .4 .1 )
Sze  e t a l27 u sed  a  s im p lified  m odel com paring  th e  g raph ite  c ry s ta l s tru c tu re  to  a  cy linde r.
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ra tio  o f  th e  g raph itic  c ry s ta llite s  is la rg e . T h is  app rox im a tio n  is sub jec t to  o th e r  in fluences 
and  can  no t be  app lied  q u an tita tiv e ly .
3 .4 .2 .4  B a n d s  in  a d d i t io n  to  th e  G , D  a n d  D ' b a n d s
A  fou rth  b and  o ccu rrin g  b e tw een  1500-1550CIT1'1 has a lso  b een  o b se rv ed .25,40'43 T h is 
b and  has  b een  g en era lly  a ttr ib u ted  to  d e fec ts /im pe rfec tio n  in  th e  g raph ite  s tru c tu re40’42,43 
M o re  sp ec ifica lly  Z ou  e t a l25 ass igned  a  b and  a t abou t 1 5 0 0 cm '1 to  im pu ritie s  in  an  
am o rphou s  ca rbon ; in  th is  c ase  it w as due  to  th e  in co rp o ra tio n  o f  n itro g en  in to  an  
am o rphou s  ca rbon  film . K ra ft e t a l41 a ttribu ted  a b and  a t 1 5 3 0 cm '1 to  sp2-bonded  ca rbon  
c lu ste rs  in  a  sp3-n e tw o rk  o f  am o rphou s  carbon . T h is  b and  has  b een  d eno ted  th e  D" 
b and .43
W ang  e t a l44 ob se rv ed  a sadd le  sh aped  fea tu re  a t 2 0 0 -9 0 0 cm '1, w h ich  m ay  b e  re la ted  to  
th e  phonon  d en sity  o f  s ta tes  o f  g raph ite  (see  fig u re  3 .4 .4 ). T h ey  found  th is  fe a tu re  to  be  
sen s itiv e  to  ch anges  in  th e  sho rt-rang e  o rd e r in am o rphou s  carbon . T h e  m a in  p eak s  fo r 
carbon  are  found  in  th e  1 0 00 -2000 cm '1 reg ion  bu t th a t reg ion  is com p lic a ted  by  th e  
p re sen ce  o f  R am an  sca tte rin g  from  bo th  fu lly  am o rphou s  ca rbon  and  p a rtia lly  o rd e red  
reg ion s . T h e  low er freq u en cy  reg ion  is abou t one  qu a rte r  in  in ten s ity  com pared  to  th e  
1000 -2000  cm '1 reg ion  b u t it is m o re  in ten se  th an  th e  2 9 0 0 cm '1 b and  (d iscu ssed  in  th e  
nex t sec tion ) and  is n o t con trib u ted  to by  th e  sca tte rin g  from  to ta lly  g raph itic  c arbon . A s 
th e  sam p le  b ecom es m o re  o rde red  th e  tw o  band s  a t 4 0 0 cm '1 and  8 0 0 cm '1 p ro g re ss iv e ly  
d ec rease  in  in ten s ity  and  sh ift to  h ig h e r w avenum bers . T hey  sugges t th a t ch ang es  in  th is  
low  frequen cy  fea tu re  w ith  changes  in  o rd e r a re  e a s ie r to  q u an tify  th an  th e  ch ange s  in  the  
m ain  peak s  and  th is  fe a tu re  m ay  g iv e  m ore  accu ra te  in fo rm a tio n  on  th e  sh o rt-ran g e  o rd e r 
o f  am o rphou s  c a rbon  m ate ria ls .
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F ig u r e  3 .4 .4 :  R am an  spec tra  o f  am o rphous  carbon  film s show ing  th e  low -o rd e r  sadd le ­
sh aped  fea tu re  b e tw een  4 0 0 -8 0 0 cm '1 as ob se rv ed  b y  W ang  e t a l44
A  summ ary  o f  th e  band s  o b se rv ed  in  th e  f irs t-o rd e r R am an  sp ec tra  o f  g rap h itic  ca rbon  
m ate ria ls  is g iv en  in tab le  3 .4.1
P o s i t io n  (cm -1) A s s ig nm e n t
1575 E 2g m ode  o f  n a tu ra l s in g le  c ry s ta l g raph ite
(G  band )
1581 E 2e m ode  o f  H O PG
1582-1610 E 2e m ode  o f  am o rphou s /d iso rd e red  carbon
1320 -1360 A ig d iso rd e r in d u ced  m ode
(D  band )
-1 6 2 0 D ue  to  d iso rd e red  g rap h itic  lay e rs  lo ca ted
(D ’ band ) a t c ry s ta l b o und a rie s
1500 -1500 D ue  to  de fec ts  in  th e  g rap h ite  s tru c tu re
(D" band ) indu ced  by  im pu ritie s
4 00  &  800 D iso rd e r in d u ced  fe a tu re  fo r  h igh ly
S add le  sh aped  fea tu re am o rphou s  g raph itic  m a te ria ls
T a b le  3 .4 .1 :  bands  ob se rv ed  in  th e  f irs t-o rd e r R am an  sp ec tra  o f  g raph itic  carbon
m ate ria ls
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3 .4 .2 .5  S e c o n d - o r d e r  R am a n  b a n d s  o f  g r a p h it ic  c a r b o n  m a t e r ia ls
V idano  and  F isch b ach24 re fe r to  a w eak  b and  a t ~ 2 2 7 0 c irf1 w h ich  th ey  a ttr ib u ted  to  a 
su rface  im pu rity  m ode  in s in g le  c ry sta l g raph ite . T hey  a lso  fo und  a new  b and  a t 2 7 2 0 cm '1 
±  5 cm '1 in  o rd e red  carbon s. T h is  band  w as d eno ted  th e  G ' b and  as it h ad  s im ila r  in ten s ity  
to  th e  G  band . In  h igh ly  o rd e red  g raph ite  G ’ sp lit in to  tw o  b and s  ca lled  th e  G 'i and  G '2 
bands  bo th  h av ing  a  fu ll w id th  a t h a lf  m ax im um  (FW HM ) o f  4 0 -6 0 cm '1. G ’ is 
ch a rac te ris tic  o f  g raph itic  ca rbon , con sis ts  o f  tw o  band s  a t le as t in  g rap h itic  c a rbon  b u t is 
one  b ro ad  b and  in  d iso rd e red  carbon , it can  b e  in ten se  d esp ite  sm all c ry s ta llite  s ize  and  
random  lay e r s tack ing  d iso rd e r. In  ve ry  d iso rd e red  m a te ria ls  i t ’s FW HM  w as a lm ost 
1 5 0 cm '1 and  w as app rox im a te ly  4 0 cm '1 in  im pe rfec t g raph ite s . T h is  G ’ b and  w as 
a ttr ib u ted  to  th e  f irs t ov e rto n e  o f  th e  D  band  (1 3 6 0 cm '1 x  2  =  2 7 2 0 cm '1). W rig h t e t a l45 
repo rted  w eak  band s  a t 2 4 4 0 cm '1 and  3 2 4 5 cm '1 as w ell as a  s trong  b and  a t 2 7 3 5 cm '1, in 
s ing le  c ry s ta l g raph ite ; and , in  im pe rfec t syn th e tic  g raph ite , an  ad d itio n a l b an d  a t 
2 9 5 0 cm '1 w hose  in ten s ity  co rre la ted  w ith  th a t o f  th e  D  band . W ang  e t a l20 rep o rted  
second -o rd e r  lines a t 2 4 5 0 cm '1, 2 7 2 2 cm '1, 2 9 5 0 cm '1, 3 2 4 0 cm '1, 3 6 5 4 cm '1 and  4 3 0 0 cm '1. 
T hese  b and s  w ere  a ss ig n ed  to  va riou s  ov e rto n es  and  com b in a tio n s  as fo llow s; 2 9 5 0 cm '1 
from  a com b in a tio n  o f  th e  G  band  (1 5 8 0 cm '1) o r the D ’ band  (1 6 2 0 cm '1) w ith  th e  D  band  
(1 3 6 0 cm '1); 3 2 4 2 cm '1 cou ld  be  the  1st ov e rto n e  o f  th e  D ’ b and , 4 3 0 0 cm '1 cou ld  po ss ib ly  
be  a com b in a tio n  o f  th e  1st ov e rto n e  o f  D  and  G , th a t is 2D  +  G ; th e  w eak  p e ak  a t 
3 6 5 4 cm '1 cou ld  be  3 x 1 2 2 0 cm '1, 1 2 20 cm '1 b e ing  a  p e ak  from  th e  ca lcu la ted  p honon  
d en sity  o f  sta tes; th e  b and  a t 2 2 4 4 cm '1 cou ld  b e  2 x 1 2 2 0 cm '1. In  fac t, a ll th e  b and s  a t 
2 4 4 4 cm '1, 2 7 2 2 cm '1, 3 2 4 2 cm '1 and  3 6 5 4 cm '1 cou ld  b e  o v e rto n es  fo r  fo rb id d en  
fundam en ta ls . W ilh e lm  e t a l22 repo rted  a sharp  p eak  a t 3 2 4 8 cm '1 w h ich  w as  in te rp re ted  as 
b e ing  a d irec t in d ica tio n  th a t th e  m ax im um  phonon  energy  o f  g raph ite  o c cu rred  a t som e  
f in ite  v a lu e  o f  th e  w ave  v ec to r and  no t th e  zon e -cen tre  p o in t. T h ey  ob se rv ed  th ree  b ro ad  
b and s  in th e  sp ec tra  o f  s ing le  c ry s ta l g raph ite  and  H O PG ; a  s trong  fe a tu re  n ea r  2 7 1 0 cm '1 
and  tw o  w eake r o nes a t 2 450cm ’1 and  3250cm ’1. T h ey  d iscove red  th a t th e  sp ec tra  o f  th ese  
m a te ria ls  w ere  un ifo rm ly  and  s trong ly  po la rised  in  th e  reg ion  b e tw een  2 300  -  3 3 0 0 cm '1 
and  con c lud ed  th a t th e  second -o rd e r spec tra  o f  h igh ly  o rd e red  carbon  w as thu s  d u e  to 
ov e rto n es  and  no t due  to  com b ina tion s . T he  3250cm*1 w as a sso c ia ted  w ith  an  o v e rto n e  o f
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th e  D ’ band  and  it w as sugges ted  th a t th e  2 9 5 0 cm '1 b and  w as a  c om b in a tio n  o f  D  and  D ’. 
T hey  a lso  o b se rv ed  a  sp litting  o f  th e  G 1 (2 7 1 0 cm '1) and  a ttr ib u te  th is  to  a sh a rp en in g  o f  
th e  fea tu res  in  th e  p honon  d en sity  o f  s ta tes  u pon  e s tab lish ing  g ood  3 -D  s tack ing  and  the  
ob se rv a tion  o f  th e  d oub le t m eans th e re  is su ffic ien t lo ng -range  o rd er. A s  th e  s tack ing  
becom es m o re  tu rb o s tra tic  th e  G ' b and  coa le sce s  in to  a s ing le  b ro ad  p eak . G reen  e t a l29 
ob se rved  th a t th e  d eg ree  o f  sp litting  o f  th e  tw o  band s  m ak ing  up  th e  G ' b and  is 
p ropo rtio n a l to  th e  p e rfec tn ess  o f  th e  3D  la ttice . K e lem en  and  F ang28 ob se rv ed  a  b and  a t 
3 0 5 0 cm '1 and  a ss ig n ed  it to  a d iso rd e r in duced  R am an  fea tu re . P op v itch ev a  e t a l39 
sugges t w eak  b and s  th ey  ob se rv ed  a t 2 9 6 5 cm '1 and  3 0 4 1 cm '1 cou ld  b e  du e  to  symm etric  
and  an ti-sym m etric  s tre tch ing  o f  m e thy l g roup s  and  o th e r  b and s  a t 3 4 1 1 cm '1 and  2500 cm ' 
1 cou ld  be  du e  to  v (O H ) and  v (CO ) v ib ra tion s  re sp ec tiv e ly . T h is  h ypo th e s is  w as  po ss ib le  
fo r th e ir  sam p les  as th ey  an a ly sed  ca rbon  from  soo t p ro du ced  by  an  a irc ra ft, w h ich  w ou ld  
be  exp ec ted  to  h av e  a  h igh  o rgan ic  con ten t.
A  summ ary  o f  th e  b and s  ob se rv ed  in  th e  second -o rd e r R am an  sp ec tra  o f  g raph itic  ca rbon  
m ate ria ls  is g iv en  in  tab le  3 .4 .2 .
P o s i t io n  (cm '1) A ss ig nm e n t
2270 Su rface  im pu rity  m ode  in  s in g le  c ry s ta l 
g raph ite
-2 4 5 0 2 x  1225 (p e rh ap s)
2720  
(G ' band )
2 x  D
-2 7 4 5  &  -2 7 1 0  
(G 'i and  G '2 b and s)
S p littin g  o f  th e  G ' b an d  fo r  h ig h ly  o rd e red  
g raph ite
2970 D ' +  D
3250 2 x  D '
4300 2970  +  D
T a b le  3 .4 .1 : repo rted  band s  in  th e  seconc -o rd e r  R am an  sp ec tra  o f  g raph itic  ca rbon
m ate ria ls
F igu re  3 .4 .5  fo r  W ilh e lm  e t a l22 show s th e  R am an  sp ec trum  o f  im pe rfec t g rap h ite  in  th e  
1 000 cm '1 to 3 5 0 0 cm -l reg ion . T h is  sam p le ’s sp ec trum  in c lud ed  the  d iso rd e red  in d u ced  D  
and  D ' b and s  b u t it w as a lso  s ig n ifican tly  o rd e red  to  show  the  G ’ b and  s ta rtin g  to  sp lit 
in to  th e  G 'i and  G 2' b ands. T he  bands a t 2 4 5 0 cm '1 and  3 2 4 5 cm '1 a re  a lso  show n .
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F ig u r e  3 .4 .5 :  The  R am an  sp ec trum  o f  im pe rfec t g raph ite  from  W ilh e lm  e t a l22
3 .4 .3  T h e  a f f e c t  o f  d i f f e r e n t  t r e a tm e n t s  o n  th e  R am a n  s p e c t r a  o f  g r a p h i t i c  m a t e r ia ls
3 .4 .3 .1  H e a t - t r e a tm e n t
There  h av e  been  seve ra l R am an  s tud ie s  on  th e  e ffec ts  o f  h e a t tre a tm en t on  ca rbon  
m a te ria ls .11’24,35,29 G enera lly  th e  p y ro ly s is  o f  o rg an ic  m a te ria ls  evo lv es  vo la tile  spec ie s  
du ring  ca rbon isa tio n  a t tem pera tu res  b e tw een  400 -700°C . T he  fo rm a tio n  o f  2 -D  g raphene  
shee ts  o f  p y ro ly tic  ca rbon  (po lym erisa tion ) ty p ica lly  o ccu rs  b e tw een  600 -1200°C . 
A nnea ling  o f  p y ro ly tic  ca rbon  a t 1200-3000°C  p roduces  g radua l o rd e rin g  o f  th e  shee ts  
(g raph itisa tio n ), ev en tu a lly  reach ing  a 3 -D  la ttice  o f  c ry s ta llin e  g rap h ite .11 D u rin g  
g raph itisa tio n  th e  G ' b and  a t 2 7 2 0 cm '1 appears . I t  is n o t seen  in  sam p les  h e a ted  to  le ss  
than  1000°C  bu t its  in ten s ity  in c reases  w ith  in c reased  h ea t tre a tm en t tem pe ra tu re  (H TT ) 
and  it is w ell d ev e lop ed  by  2000°C  and  ev en tu a lly  sp lits  in to  tw o  b and s  a t tem pera tu res  
app roach ing  3000°C .24 T h is  sp litting  is in d ica tiv e  o f  the  d ev e lo pm en t o f  w e ll-o rd e red  
g raph ite . T h e  G ' b and  sh ifts  to h ig h e r w avenum bers  w ith  in c rea s in g  tem pera tu re . T h e  D  
line  na rrow s and  th e  Id/Ig v a lu e  decreases . E ndo  e t a l35 repo rted  th a t w ith  an  in c re a se  in 
H TT  from  700°C  to  3000°C  an in c rease  in th e  in ten s ity  and  a  n a rrow ing  o f  th e  G  band  
w ith  a d ec rease  in in ten s ity  and  w id th  o f  D . W ith  a H TT  b e tw een  2000 -3000 °C  a  s trong
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peak  a t 2660cm "1(G ’) a n d  a  w eak  p eak  16 2 0 cm '1(D ’) a p p ea r, w h ich  th ey  a ttr ib u ted  to  th e  
d ev e lo pm en t o f  an  o rd e red  g raph ite  s tru c tu re . U p o n  re a ch in g  a  H TT  o f  3000 °C  th e  D ’ 
b and  d ec rea se s  in  in ten s ity  an d  th e  G ’ b and  in c rease s . 2000°C  w as re c o g n ise d  as  a  
tran s itio n  tem p e ra tu re  from  tu rb o s tra tic  to  g raph itic  ca rbon . A t th is  tem p e ra tu re  doo2 
(ca lcu la ted  from  X RD  tra c e s )  b e com es  < 3 .4 4A  in d ic a tin g  th e  3 -D  g rap h ite  s tru c tu re  
s ta rting  to  g row . T h e  G  b and  g en e ra lly  d ow nsh ifts  w ith  in c re as in g  H TT . F o r  H T T  
< 2000°C  th e  ch an g e  in p o s itio n  is re la tiv e ly  fast a n d  th e  freq u en cy  b e com es  re la tiv e ly  
s tab le  b e tw een  2000 -3000 °C . T h e  c h an g e  b e low  2000 °C  co rre sp ond s  to  th e  d e v e lo pm en t 
o f  in -p lan e  o rd e rin g  du e  to  c a rb on isa tio n  an d  b e tw een  2000 -3 000 °C  th e  c h an g e  o ccu rs  
d u e  to  th e  d e v e lo pm en t o f  a  3 -D  g raph ite  s tru c tu re . A bov e  2000°C  th e  d e c rea se  in  th e  
FW HM  o fD  b and  is v e ry  sm all b u t th e  G b a n d  s till d ec rea se s  an d  a p p ro a ch e s  th e  v a lu e  
o f  c ry s ta llin e  g rap h ite  ( -3 0 cm "1) as th e  c o n tr ib u tio n s  from  th e  zo n e -c en tre  p h o n o n s  
b e com es  m o re  dom inan t. In  g la ssy  c a rbon  th e  re la tiv e  p e ak  h e ig h t a n d  b an dw id th  
d ec rease s  w ith  in c re as in g  H TT . W hen  h e a te d  to  3000°C  th e  G b a n d  FW HM  in  g la ssy  
ca rbon  d ec rea se s  from  8 0 cm ’1 to  5 0 cm '1 com pared  to  a  d e c rea se  from  140cm "1 to  25cm*1 
fo r p y ro ly tic  c a rbon .29 T h e  Id ’/Ig  v a lu e  is 0.3 to  0 .4  in  d iso rd e red  ca rb on s  an d  d e c re a se s  
w ith  in c re a s in g  H T T  and  is z e ro  fo r w e ll o rd e red  g raph ite . T h e  D ’ FW HM  is ty p ic a lly  
30-55  cm '1 and  d ec rea se s  w ith  in c re as in g  H TT . T h e  D  b an dw id th  is m u ch  m o re  s e n s itiv e  
to  ch ange s  in  tem p e ra tu re  th an  th e  D ’ b and  ev en  th o u g h  th e y  b o th  o rig in a te  from  
d iso rder. T h e  D  b a n d ’s FW HM  is ty p ic a lly  2 0 0 cm '1 in a  d iso rd e red  c a rb on  b u t  d e c re a se s  
to  a b o u t 5 0 cm ’1 w hen  h e a te d  to  2000°C . Id /Ig  d ec rea se s  w ith  in c re a s in g  H T T  u n til it is 
a b ou t 0 .9  a t 2000°C . T h e  D ’ b and  b e com es  a  sh o u ld e r  o n  th e  G a t  th is  tem pe ra tu re .
3 .2 .3 .2  T r e a tm e n t  b y  g r in d in g
The  e ffec ts  o f  g rin d in g  o n  h ig h ly  o rd e red  c ry s ta llin e  g rap h ite  sam p les  h as  a lso  b e en  
s tu d ie d .16,43 W akayam a e t a l16 ob se rv ed  th a t  g r in d in g  cau se s  a  rap id  re d u c tio n  in  th e  
range  o f  p la n a r  s tack ing  (L c) b u t on ly  a s lig h t re d u c tio n  in th e  b asa l p la n e  d iam e te r  (L a). 
T h e  w id th  o f  th e  D  b and  d e c rea sed  w ith  th e  red u c tio n  o f  L a. G round  g rap h ite  y ie ld e d  a 
sm a lle r v a lu e  o f  FW HM  th an  h ea t- tre a ted  ca rbon  fo r a  g iv en  L a. T h is  in d ic a ted  th a t  th e  
c ry s ta llites  o f  th e  g ro und  g rap h ite  h av e  m o re  un ifo rm  b o u nd a rie s  and  le ss -d e fe c tiv e
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hexagon a l g rap h ite  la ttic e  th an  th e  h e a t- tre a ted  carbon . Sa lve r-D ism a  e t a l43 p e rfo rm ed  
sh o ck  and  sh e a r  g r in d in g  on  g raph ite  sam p les . T h ey  o b se rv ed  a  b ro ad en in g  o f  th e  G b a n d  
and  th e  fo rm atio n  o f  a  D  b and  a t 13 5 0 cm '1 and  a  D ’ b an d  a t 1 6 1 0 cm '1. A  fo u rth  b an d  a t 
1 5 10 cm '1 (D" ) w as a lso  ob se rv ed . T h e  D  w id th  and  th e  Id /Ig  ra tio  in c re ased  w ith  
in c reas ing  g rin d in g  tim e . T h ey  a ttr ib u ted  th is  to  a  d e c rea se  o f  L aas an  in c re a se  in  th e  
Id/Ig  (R ) v a lu e  c o rre sp o n d s  to  a  d ec rea se  in  L a, a c c o rd in g  to  eq u a tio n  3 .4 .2 .
3 .4 .4  R a m a n  s p e c t r o s c o p y  o f  d ia m o n d /d ia m o n d - l ik e  c a r b o n  m a t e r ia ls
Pu re  c ry s ta llin e  d iam ond  h as  a  s in g le  R am an  lin e  fo r  a  tr ip ly  d eg en e ra ted  F 2g o p tic a l 
p h o n o n  b e lo n g in g  to  O 1h symm etry  o f  fo u rfou ld  c o o rd in a ted  sp 3 b o n d in g .46 T h is  lin e  
o ccu rs  a t 1332 .5  ±  1 cm '1 an d  is ex trem ely  n a rrow  w ith  a  w id th  o f  2cm"1.11 (see  fig u re  
3 .4 .6 ) T h e  p o s itio n  an d  w id th  o f  th is  lin e  has f req u en tly  b e en  u sed  to  d e te rm in e  th e  
qua lity  o f  d iam ond  m a te ria ls . It sh ifts  to  h ig h e r  w av enum be rs  w ith  in c re ased  iso tro p ic  
p re ssu re  b u t little  b ro ad en in g  occu rs. H ow eve r, s tra in  can  red u ce  th e  cu b ic  sym m e try  
sp littin g  th e  z o n e -cen tre  p h o n o n  d eg en e racy  and  c au se  b ro ad en ing . T h e  d iam ond  b an d  
u su a lly  o ccu rs  b e tw een  1325 -1330cm "1 fo r n an o c ry s ta llin e  d iam ond  b u t  can  b e  
dow nsh ifted  as fa r as 1 3 2 0 cm '1 ow ing  to  s ize  e ffec ts .41 N is to r  e t al47 d ep o s ite d  
n ano c ry s ta llin e  d iam ond  film s in  a  m ix tu re  o f  CH 4 a n d  air. A s th e  CH 4 in c re a sed  from  3 
to  100%  th e  d iam ond  b and  sh ifted  from  1 3 3 4 cm '1 to  1 3 3 7 cm '1. T h ey  a ttr ib u ted  th e  sh if t 
to  c om p re ss iv e  s tre ss  in  th e  film . P raw e r e t a l48 u sed  ch ang es  in  p o s itio n  from  1 3 33 cm ’1 
as an  in d ic a tio n  o f  s tre ss  in  d iam ond  film s, w ith  ±  0 .3 cm '1 accu racy . A n iso tro p ic  (ax ia l o r 
b iax ia l)  s tre ss  can  lift p a rtia lly  o r  com p le te ly  th e  d eg en e ra cy  o f  th e  F 2g d iam ond  m od e  
and  th e  zo n e -c en tre d  op tica l p h o n o n  p e ak  a t 1 333cm ’1 can  sp lit  in to  tw o  o r  th re e  
com pon en ts . T h e  m agn itu d e  o f  th e  sp littin g  is lin ea rly  d e p en d e n t on  s tre ss  w ith  a  p o s itiv e  
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F ig u r e  3 .4 .6 : R am an  spec trum  o f  c ry s ta llin e  d iam ond  from  Sa lze r e t a l82
R am an  b andw id th  con ta in s  in fo rm ation  abou t th e  p h o n o n ’s life tim e, w h ich  can  be  
co rre la ted  w ith  th e  concen tra tio n  o f  p o in t d e fec ts .49 In  d iam ond  th e re  a re  com p lica tio n s  
since  th e  b and  a t 1333cm*1 is tr ip ly  degene ra ted  a n d  o ften  sp lits  fo r d iam ond  m a te ria ls  
due  to  in -p lane  s tre sses  th a t d eve lop  as  th e  g ra in s  g row  la te ra lly . T h is  p h enom enon  
causes  a  b ro aden ing  due  to  th e  o ve rlapp ing  o f  th e  b and s  w ith  th e ir  cen tra l p o s itio n s  
sligh tly  sh if ted , w h ich  can be  con fu sed  w ith  d e te rio ra tion  in th e  c ry s ta llin e  qua lity . Z ou  
e t a l25 ob se rved  a  b ro ad  d iam ond  band  w ith  a  w id th  o f  25cm "1. T hey  a ttr ib u ted  th is  
b ro aden ing  to  a  d iam ond  p h ase  w ith  a  h ig h  d ensity  o f  d e fec ts  re su lting  in a  s ign ifican t 
reduc tion  in  phonon  life tim es. A ro ra  e t a l50 a lso  repo rted  b roaden ing  and  a  b lu e sh ift o f  
th e  1333cm*1 p eak  and  a ttr ib u ted  it  to  sca tte ring  from  d efec ts  and  com press iv e  s tra in .
D efec ts  in th e  d iam ond  s tru c tu re  and  reduc tion  in c ry sta ll ite  s ize  leads to  a  re lax in g  o f  th e  
k=0  se le c tion  ru le  fo r R am an  sca tte ring , a llow ing  o th e r m odes  b e sid es  th e  one  a t 1333cm* 
1 in  c ry sta ll in e  d iam ond .51 T hese  n ew  m odes  a re  re sp on sib le  fo r lines a t -1 4 7 0 cm "1, 
- 1 2 4 0 cm '1, - 1 190cm '1 and  - 1 100cm '1. D ue  to  th e  w id e  v a rie ty  o f  p o ss ib le  am o rphou s  
s truc tu res  and  th e  d iffe ren t types  o f  m a te ria ls  b e in g  s tud ied  la rg e  d iffe rences  fo r th e  
p o s itio n s  o f  th e se  bands h ave  been  repo rted . A ll th e se  b and s  h ave  been  a sso c ia ted  w ith  
sp3-bonded  carbon  ph a se s .41,47,52"56 T he  1240cm"1, 1190cm"1 and  1 100cm*1 lines h ave  
been  d eno ted  as d iam ond  p reb and s  due  to  sm all sp3-bonded  c lu ste rs  and  a re  u sua lly  
p re sen t in n anoc iy s ta llin e  d iam ond .41,51 T hese  lines a re  rep re sen ta tiv e  o f  th e  DO S  o f  
am o rphous  d iam ond . A  b and  a t 1 248cm '1 has  been  ob se rv ed  in n itrogen  doped  carbon  
film s and  it w as estim ated  th a t th e  s tre tch ing  frequency  o f  te trah ed ra l cov a len t N -C
a ) 1331 O 3
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s in g le  b o n d s  is in th e  ran g e  o f  1212 -12 6 5 cm '1. So, it is p o s s ib le  th a t  th e  p re sen c e  o f  
n itro g en  as an  im pu rity  can  co n tr ib u te  to  th e  1 2 4 0 cm '1 band . A  b and  a t 1 1 3 3 cm '1 has 
b een  a ss ig n ed  to  sm all o r  d e fe c tiv e  n ano c ry s ta ls  o f  d iam ond  o r a  w u rtz ite - lik e  p re cu rso r  
s tru c tu re .50 T h is  b and  m ay  a lso  b e  d u e  to  d iso rd e red  te tra h ed ra lly  b o n d e d  c a rb on  a t  g ra in  
b oun d a rie s .48 A  b and  a t 1 1 2 0 cm '1 has b e en  a ttr ib u ted  to  su rface  p h o n o n  m odes  a ris in g  
from  th e  c lu s te r  s iz e  o f  1 -2 nm .46,57 A n o th e r  b an d  a t 117 0 cm '1 has  b e en  a ss ig n ed  to  
h ex agona l d iam ond58 N em an ich  e t a l59 ag reed  w ith  th is  a s s ig nm en t b u t  a lso  su g g e s te d  it 
was d u e  to  a  sp 5 rich  p h a se  o r n ano  c ry s ta llin e  d iam ond . T h e  a ss ig nm en t o f  th e  1 4 7 0 cm '1 
b and  to  spJ-b o n d ed  c a rb on  is co n tro v e rs ia l b e cau se  th e  d iam ond -lik e  s tru c tu re  d o e s  n o t 
a llow  first o rd e r  R am an  m odes  h ig h e r  th a n  1 3 3 2 cm '1, ev en  in  th e  p re sen c e  o f  d iso rd e r .60 
Tw o  re su lts  th a t  w e re  n o te d  from  th e  c a lcu la ted  V DO S  o f  c ry s ta llin e  d iam ond .48 T h e se
1 3
w ere  a  la rg e  p eak  a t a ro u n d  1 200 cm ' a n d  th a t  th e re  w as no  v ib ra tio n a l m od e s  fo r  sp  - 
b o n d ed  ca rbon  a t en e rg ies  e x ce ed in g  1 4 0 0 cm '1. M a rcu s  e t a l60 su g g e s ted  th a t  a  b an d  a t 
1470cm*1 c o u ld  b e  d u e  to  th e  p re sen c e  o f  fu lle ren e s  as it is th e  d om in an t b and  fo r C6o- 
1 4 70 cm '1 m ay  a lso  a rise  from  te trah ed ra lly  b o n d ed  d iam ond  p re cu rso r  p h a se  a n d  
te trah ed ra lly  b o n d ed  a tom s  lin k ing  sm all d om a in s  com p ris in g  o f  s ta ck ed  a rom a tic  p lan es . 
Y et a n o th e r  p o ss ib ility  fo r 1 4 7 0 cm '1 and  1 14 0 cm '1 is th e  p re sen ce  o f  p o lym e ric  ch a in s  
like  p o ly en e s  o r tran spo ly ace ty len e . In  a  re c en t s tu d y  F erra ri a n d  R o b e r tso n 61 a rg u e  th a t 
th e  b and  a t ~ 1 15 0 cm '1 in  n an o c ry s ta llin e  d iam ond  film s is n o t d u e  to  sp 3-b o n d ed  c a rb on  
b u t from  a  co ex is tin g  sp 2-ph ase  and  su g g e s t th a t th is  sp 2-p h a se  is t ra n sp o ly ac e ty len e . T h e  
th eo ry  b eh in d  th e ir  a rg um en t is d is cu s sed  in  m o re  d e ta il in  th e  n e x t sec tio n .
A p p ro x im a te  P o s i t io n  ( c m 1) A s s ig nm e n t
1333 F 2gm od e  o f  c ry s ta llin e  d iam ond
1470 N ano c ry s ta llin e /d iso rd e red  d iam ond
1240 N ano c ry s ta llin e /d iso rd e red  d iam ond
1190 N ano c ry s ta llin e /d iso rd e red  d iam ond
1100 N ano c ry s ta llin e /d iso rd e red  d iam ond
T a b le  3 .4 .3 : b and s  o b se rv ed  in  th e  R am an  sp ec tra  o f  d iam ond /d iam on d -lik e  c a rb on
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3 .4 .5  D e p e n d e n c e  o f  R a m a n  S p e c tr a  o f  C a r b o n  M a te r ia l s  o n  E x c i t a t io n  W a v e le n g th
In  p r in c ip le  R am an  s tu d ie s  sh o u ld  a llow  th e  id en tific a tio n  an d  e s tim a tio n  o f  sp2 an d  sp 3 
site s  in  c a rb on aceou s  m a te ria ls , ow in g  to  th e  fac t th a t th e  zo n e -c en tre d  o p tic a l p h o n o n s  in 
g raph ite  a n d  d iam ond  o c cu r  a t w e ll s ep a ra ted  f req u en c ie s  o f  1 5 8 0 cm '1 an d  1 3 3 2 cm '1, 
re sp ec tiv e ly .62 H ow eve r, th e  h ig h  f req u en cy  s tre tch in g  m od e s  o f  sp 2-b o n d e d  ca rb on  a re  
o v e rem phas ised  d u e  to  th e  to  th e  71-71* tra n s itio n  re so n an ce  e f f e c t63 T h e  sp 2-b o n d ed  
ca rbon  n e tw o rk  e xh ib its  re so n an c e  e n h an c em en t in  th e  R am an  c ro ss -se c tio n  s in c e  th e  
local s p 2-b o n d ed  c a rbon  en e rgy  gap  o f  a p p ro x im a te ly  2 eV  is c om parab le  w ith  th e  en e rgy  
o f  th e  in c id en t p h o ton s . T h e  v is ib le  4 88nm , 5 14nm  and  th e  6 33nm  sou rc e s  h av in g  p h o to n  
en e rg ies  o f  2 .5 4 eV , 2 .41 eV  and  1 .96 eV  re sp ec tiv e ly .64’65 T h e  sp 3 a tom s do  n o t  e x h ib it 
su ch  a  re so n an ce  e ffec t b e c au se  o f  th e  h ig h e r  lo ca l b andg ap  o f  ap p ro x im a te ly  5 .5 eV . A s a  
re su lt th e  R am an  sca tte rin g  c ro ss -se c tio n  fo r sp  -b o n d ed  c a rbon  has  b e e n  e s tim a ted  to  b e  
5 0 -100  tim es  g re a te r  th an  sp J-b o n d ed  carbon , w hen  u s in g  a  v is ib le  R am an  e x c ita tio n  
so u rc e .11,62,63 E v en  in c a rbon  m a te ria ls  w ith  le ss  th an  2 0%  sp2-b o n d ed  c a rb o n  th e  G  and  
D  b and s  d om in a te  th e  sp ec tra  m ak ing  it d ifficu lt to  id en tify  sp J-b o n d ed  carbon . T h e  u s e  
o f  v is ib le  R am an  sp ec tro sco p y  fo r  th e  ch a rac te r isa tio n  o f  sp -5 c o n ta in in g  c a rb o n  m a te ria ls  
su ch  as  D LC , te trah ed ra l am o rp h ou s  c a rb on  (ta-C ) a n d  h yd ro g en a ted  te tra h ed ra l 
am o rphou s  c a rbon  (ta-C :H ) has  b e en  b a se d  on  em p irica l re la tio n sh ip s  b e tw een  b o n d in g  
and  sh ifts  o r  b ro ad en in g  o f  th e  G  b an d .66 In  th e  la s t d e c ad e  th e re  h av e  b e en  a  n um b e r  o f  
in v e s tig a tio n s  in to  th e  e ffec ts  o f  u s in g  d iffe ren t e x c ita tio n  w ave len g th s  fo r  th e  R am an  
ana ly s is  o f  c a rb on  m a te ria ls .46,60,64' 69 W agn e r  e t a l64 o b se rv ed  a  la rge  in c re a se  in 
in ten s itie s  fo r  G  a n d  D  b an d s  sepa ra te ly , d e p en d in g  on  th e  e x c ita tio n  w av e len g th . T h ey  
s tu d ied  h igh , m ed ium  an d  low  pu rity  d iam ond  film s u s in g  d iffe ren t la se r  w av e len g th s . 
T he  u se  o f  d iffe ren t la se r w av e len g th s  re su lted  in  d iffe ren t in ten s itie s , b a n d  sh ifts  a n d  
spec tra l re so lu tio n . T h ey  su g g es ted  th a t it is b e s t to  s tu d y  a lm o s t p e rfe c t d iam ond  w ith  a  
near- IR  so u rc e  (782nm ) and  d iso rd e red /n an o c ry s ta llin e  d iam ond  w ith  a  U V  (2 4 4 nm ) 
sou rce . T h ey  p ro p o sed  th e  re a so n  fo r th is  b e h av io u r  w as d u e  to  d iffe ren ces  in  re so n an c e  
b eh av io u r o f  R am an  sca tte rin g  from  am o rp h o u s  sp 2- and  sp 3-b o n d ed  ca rb o n  o r p o s s ib ly  
c lu ste rs  o f  s p 2-b o n d ed  c a rbon  o f  v a rio u s  s ize s  c o n tr ib u tin g  d iffe ren tly  to  th e  o b se rv ed
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R am an  sp ec trum  fo r d iffe ren t e x c itin g  p h o to n  energ ies . S inha  e t a l65 s tu d ie d  H O PG  and  
re so n an t p ro files  fo r th e  lin e s  a t 2 7 0 0 cm ’1 (G '), 1 5 8 0 cm '1 (G ) and  4 1 cm '1 ( low  freq u en cy  
E 2g m ode ) w e re  in v e s tig a ted  u s in g  e x c ita tio n  so u rce s  rang ing  in  p h o to n  en e rgy  from  1.8- 
2 .6eV . A ll th re e  b and s  in c re ased  in  re so n an c e  w ith  in c re a s in g  energy . W ith  th e  15 8 0 cm '1 
m od e  b e in g  h igh ly  re so n an t fo llow ed  b y  th e  2 7 0 0 cm '1 m ode  and  w eak  re so n an c e  fo r  th e  
4 1 cm '1 m ode . T h e re  w as no  co rre la tio n  b e tw een  th e  f irs t-  and  se co n d - o rd e r  re so n an ce . 
G ilkes  e t a l66 a v o id ed  th e  re so n an ce  o f  th e  s p 2-b o n d ed  s ite s  in  ta -C  and  a -C  by  u s in g  a  
UV  2 4 4 nm  (5 .1 eV ) e x c ita tio n  so u rc e  as it p ro v id ed  a  m o re  eq u a lly  w e ig h ted  m easu re  o f  
th e  VDOS . T h is  o c cu rred  d u e  to  a  su p p re ss io n  o f  th e  d om in an t re so n an c e  R am an  
sca tte ring  from  sp 2 s ite s  a n d  th e  p o s s ib le  in c re ase  in  in ten s ity  from  sp 3 s ite s , fo r  w h ich  
re so n an ce  is e x p ec ted  to  b e  a tta in ed  as th e  ex c ita tio n  p h o to n  en e rgy  a p p ro ach e s  th e  b and  
gap en e rgy  (~ 5 .5 eV ) o f  d iam ond -lik e  b ond ing . T h ey  f irs t an a ly sed  v a rio u s  ta -C  an d  a -C  
film s u s in g  514nm  exc ita tion . T h e  a-C  w as d om in a ted  b y  a  G  b and  a t 1 5 7 0 cm '1 an d  a  
sm all D  b an d  a t 13 5 0 cm '1. T h e  ta -C  w as dom in a ted  b y  a  b ro ad  G  b and  a t 1 6 0 0 cm '1 
w h ich  w as c om po sed  o f  a  G  b and  w ith  a  sm all sh o u ld e r  a ro und  1 3 5 0 cm '1 co rre sp o n d in g  
to  a D  band . T h ey  rep ea ted  th e  w o rk  u s in g  2 4 4nm  exc ita tion . T h e  ta -C  h ad  tw o  b an d s  
c en tred  a ro u n d  1 10 0 cm '1 and  1650 cm ’1. 1 6 0 0 cm '1 h ad  m oved  to  1 6 5 0 cm '1 and  w as  
sh a rp e r w ith  no  sh o u ld e r  from  D . 110 0 cm ’1 red u ced  in  in ten s ity  and  sh if ted  u pw ard s  in  
film s w ith  sm a lle r  sp J con ten t. A  s in g le  b and  a t 16 0 0 cm '1 (G  b and ) and  a  sm all fe a tu re  a t 
1 3 0 0 cm '1 (D  b and ) w ere  o b se rv ed  fo r a-C . T h e  fea tu re  a t ~ 1 10 0 cm '1 in  ta -C  w as 
a ttr ib u ted  to  sp J b ond in g , d u e  to  th e  am p litu d e  in c re as in g  w ith  in c re a s in g  sp 3 con ten t. 
T he  fea tu re  h ad  a lready  b e en  se en  in  E ELS  a n d  th e  p e ak  lies  a t th e  m ax im um  o f  th e  
c a lcu la ted  V DO S  o f  a  sp J b o n d ed  n e tw o rk . T h is  b a n d  a t 110 0 cm '1 has b e en  re fe rred  to  as 
th e  T  (for te trah ed ra l)  b a n d .68 In  a  m o re  re c en t p a p e r  G ilk es  e t a l70 o b se rv ed  th a t  ev en  
w ith  U V  ex c ita tio n  a t 2 4 4 nm  th e re  is s tro ng  re so n an c e  o f  s p 2-b o n d ed  c a rb o n  and  u se  th is  
as a  p o s s ib le  e x p lan a tio n  fo r  w hy  th ey  o b se rv ed  p o s itio n s  as h ig h  as 1 6 7 0 cm '1 fo r  th e  G  
band  in  D LC  film s. A lth ough  th e  p h o to n  en e rgy  o f  th e  U V  so u rc e  is fa r from  th e  s p 2 
b andgap  energy , th e  tc-t t* s ep a ra tio n  is h ig h ly  d e p en d en t o n  c lu s te r  s ize , b e com in g  la rg e  
as c lu s te r  s iz e  d ecreases . T h e  b o n d  s treng th  o f  th e  o lfin ic  b on d s  is a lso  a ffec ted  b y  c lu s te r  
s ize. T h e  b o n d  o rd e r ch ang e s  from  1.33 fo r g rap h ite  to  1.5 fo r an  iso la ted  a rom a tic  rin g , 
to  2  fo r  a  s im p le  o le fin ic  b o nd , w h ich  m ay  exp la in  th e  -1 6 5 0 cm *1 p o s itio n  b e in g  m uch
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h ig h e r  th an  g raph ite . T h e  o b se rv ed  sp ec tra  w e re  in te rp re ted  as b e in g  c om po sed  o f  
co n tr ib u tio n s  from  ov e rlap p in g  sp ec tra  from  iso la ted  sp 2-b ond ed  c lu ste rs  w ith  a  ra n g e  o f  
d iffe ren t s izes . A  G  b an d  o b se rv ed  a t 1 6 3 0 cm '1 c o u ld  b e  du e  to  th e  d iam ond  sp lit  
in te rs titia l d e fe c t o r  so -c a lled  d um bb e ll e ffec t.48 T h is  o ccu rs  w h en  o n e  c a rb o n  is re p la ced  
w ith  an  sp 2-b o n d ed  p a ir  o f  c a rb on  a tom s c en tred  on  th e  m iss in g  atom . A d am opou lo s  e t 
a l71 a lso  o b se rv ed  a  T  p e ak  a t 1 1 0 0 cm '1 and  a  G  p e ak  n e a r  1 6 5 0 cm '1 w h en  u s in g  2 4 4 nm  
exc ita tion . T h e  T  p e ak  w as id en tified  as a  VDO S  fea tu re  in  ta -C  re su ltin g  from  C -C  
s tre tch ing  v ib ra tio n s  a t sp J sites.
O kada  e t a l46 s tu d ied  m ic ro c ry s ta llin e  d iam ond  film s u s in g  514nm , 3 2 5 nm  and  2 4 4 nm  
ex c ita tio n  sou rces . T h e  D  an d  G  b an d s  a t 1 3 5 5 cm '1 an d  1 5 8 0 cm '1 w e re  o b se rv ed  fo r  a 
film  w ith  a  low  frac tion  o f  sp J-bond in g , u s in g  th e  5 1 4 nm  ex c ita tio n  sou rce . N ew  b an d s  
ap p ea red  a t 1 4 8 0 cm '1 and  1 15 0 cm '1 as th e  frac tio n  o f  sp 3-b o n d in g  in c reased . U s in g  th e  
325nm  (4 .8 eV ) e x c ita tio n  so u rce  th e re  w as a  c le a r  d iam ond  p e ak  a t 1 3 3 2 cm '1, a n d  a  
rem ark ab le  e n h an c em en t o f  th e  15 8 0 cm '1 b and  w ith  a  sh o u ld e r  a t 115 0 cm ’1. W ith  th e  
2 4 4nm  ex c ita tio n  so u rc e  th e  1 3 3 2 cm '1 b and  w as e n h an c ed  and  th e  1 5 8 0 cm '1 b an d  w as 
w eakened . I t  ap p ea red  u n u su a l th a t b o th  th e  15 8 0 cm '1 and  1332cm ’1 b an d s  w e re  
en h an ced  w ith  th e  3 2 5 nm  sou rce . 4 .8 eV  is c lo se  to  th e  o n se t o f  th e  cj-cj* tra n s itio n s  in  
bo th  s p 2- an d  sp 3-b o n d ed  carbon . T h ey  su g g es t th e  e n h an c em en t o f  b o th  p eak s  a t 3 2 5 nm  
is b ecau se  re so n an ce  e n h an c em en t o f  R am an  c ro ss -se c tio n  du e  to  s p 2-b o n d ed  c a rb o n  s till 
rem ain s  a n d  th a t  th e  cr-cr* tra n s itio n  in  b o th  sp 2 and  sp 3 b o n d ed  c a rbon  is p o s s ib ly  
induced . W ang  e t a l20 o b se rv ed  th a t  th e  D  b and  p o s itio n  ch ang ed  w ith  e x c ita tio n  
w ave leng th , rep o rtin g  a  sh ift from  1360cm ’1 to  1 3 3 0 cm '1 w hen  th e  so u rc e  en e rgy  
d ec rea sed  from  48 8 nm  to  647nm . T h ey  s tu d ied  a  v a rie ty  o f  c a rbon  m a te ria ls  and  re p o rte d  
th a t th e  D  b an d  re la tiv e  to  th e  G  b and  v a rie s  w ith  c a rb on  ty p e  b e c au se  o f  v a ry in g  ed g e  
density . O n e  ex p lan a tio n  th ey  p ro p o sed  fo r  th is  d isp e rs io n  in  th e  D  b an d  p o s itio n  w as a  
ch ang e  in th e  sam p le  d ep th , le ad ing  to  v a ria tio n  in  th e  sp ec trum  i f  th e  s tru c tu re  v a rie s  
w ith  dep th . A no th e r  p o ss ib ility  th ey  p ro p o sed  w as th a t th e  D  b and  w as re so n an tly  
en h an ced ; so  d iffe ren t su b p o pu la tio n s  o f  c ry s ta llites  m ay  b e  sam p led  a t d iffe ren t in c id e n t 
w ave leng th s . T hey  w ere  n o t ce rta in  o f  an  ex ac t m ech an ism  b u t th e re  w as sc a tte r in g  o f
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d iffe ren t p h o to n s  from  p h o non s  o f  d iffe ren t en e rgy  an d  th ey  su g g es ted  th a t d iffe ren t la se r 
w ave leng th s  sam p led  d iffe ren t p o in ts  a lo n g  th e  p h o n o n  d isp e rs io n  cu rv e .
P o c s ik  e t a l32 re cen tly  p ro p o sed  th a t R am an  re so n an ce  cau se s  th e  d isp e rs io n  fo r th e  D  
band  fo r d iffe ren t e x c ita tio n  energ ies . T h is  is as  a  re su lt o f  c o u p lin g  o f  th e  k -v e c to r  o f  th e  
e lec tro n ic  s ta te s  in v o lv ed  in  th e  lig h t ab so rp tio n  w ith  th e  k -v e c to r  o f  p h o n o n s  
c o n tr ib u tin g  to  th e  R am an  sp ec trum . T h e ir  h y po th e s is  is th a t  from  all p o s s ib le  m od es  in 
th e  B rillo u in  zo n e , on ly  th o s e  co n tr ib u te  to  th e  R am an  sp ec trum  th a t a re  re so n an tly  
enh anced . T o  find  th e  e le c tro n ic  tran s itio n  en e rg ies  fo r th e  re sp ec tiv e  e x c itin g  p h o to n  
energ ies , e le c tro n ic  b and  s tru c tu re  n e ed  to  b e  in sp ec ted . L ow  ly ing  e le c tro n ic  tra n s itio n  
exc ita tio n s  a re  re s tric ted  to  th e  7r-electron sy s tem  b ecau se  th e  low est ci-gap am oun ts  to  
m o re  th an  5 eV  in  g raph ite . T h e  7i-7i* tra n s itio n s  c o v e r  a  c o n tin u um  o f  e x c ita tio n  en e rg ies  
from  15eV  a t rto  OeV a t th e  ed g e  o f  th e  B rillo u in  z o n e  a t K . T h e  k -v ec to rs  o f  th e  
ex c ita tio n  en e rg ie s  th e y  u sed  o c cu rred  a t k -v ec to rs  in  th e  n e ig h b o u rh o o d  o f  th e  K  an d  M  
p o in ts , i.e., th e  edges  o f  th e  B rillo u in  zon e . So, b y  tu n in g  th e  ex c ita tio n  en e rg y  th e  k - 
v e c to r  o f  th e  o p tic a l tran s itio n  is e ffec tiv e ly  v a ried  o v e r  a  range . T h ey  a ssum e  th a t in  th e  
re so n an t in c re ase  o f  th e  R am an  sca tte r in g  p ro c e ss  th e  k  =  0 se le c tio n  ru le  o f  o rd in a ry  
R am an  is rep la ced  by  a  n ew  se le c tio n  ru le  su ch  th a t th e  re so n an t sca tte rin g  c ro ss -se c tio n  
o ccu rs  fo r th o se  p h o n o n s  w h ich  h av e  th e  sam e  k -v e c to r  as th a t o f  th e  e le c tro n ic  tra n s itio n  
re sp o n s ib le  fo r  th e  re son ance . T h ey  s tu d ied  a  m ic ro c ry s ta llin e  g rap h ite  sam p le  u s in g  
ex c ita tio n  en e rg ies  in  th e  rang e  o f  1 .16 - 4 .13eV  and  th e  d isp e rs io n  o f  th e  D  p e ak  ag reed  
w ell w ith  th e ir  ca lcu la ted  p h o n o n  d isp e rs io n  cu rves.
T he  d isp e rs io n  in th e  p o s itio n  o f  th e  b and s  a t 1 150cm ’1 an d  1 4 5 0 cm '1 in  n an o c ry s ta llin e  
d iam ond  film s has  a lso  b e en  a ttr ib u ted  to  R am an  re so n an c e .61 F errari a n d  R o b e r tso n 61 
a rgu e  th a t th e  b and  a t ~ 1 150 cm ’1 is n o t d u e  to  sp 3-b o n d ed  c a rbon  b u t from  a  c o ex is tin g  
sp 2-phase . T h ey  p ro p o se  th e se  b and s  c an n o t b e  a  d u e  to  k^O p h o n o n s  a c tiv a ted  by  
d iso rd e r  b e cau se  th e  g ra in s  a re  to o  la rge  to  o b se rv e  a  z o n e  b ou n d a ry  peak . P h o n o n  
c o n fin em en t a llow s th e  p a rtic ip a tio n  o f  p h o n o n s  w ith  a  w ave  v e c to r  k  «  2n /d ,  w h e re  d  is 
th e  g ra in  s ize . G ra in s o f  5 -1 00nm  w ou ld  still fav ou r m odes  q u ite  c lo se  to  T , ra th e r  th an  
m odes  n e a re r  th e  z o n e  b o u n d a ry  a t L , w h ich  c o n tr ib u te  m o s t to  th e  V DO S  m ax im um . In  
v is ib le  R am an , sp2-b o n d ed  ca rbon s  h av e  m uch  la rg e r c ro ss  se c tio n  th an  sp 3-b o n d ed
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ca rbon  b u t th e  in ten s ity  o f  th e  115 0 cm '1 b an d  is som e tim es  eq u iv a len t to  o r g rea te r  th an , 
th e  am o rp h ou s  c a rb on  p h a se  and  th e  c ry s ta llin e  d iam ond  phase . T h e  1 1 5 0 cm '1 and  
1 450 cm '1 b an d s  d isp e rse  b y  5 0 -1 0 0 cm '1 w ith  e x c ita tio n  energy . I f  th e se  w e re  DO S  
fea tu res, th e ir  p o s itio n s  sh o u ld  s tay  fixed . T h ey  b o th  d e c rea se  in  in ten s ity , c om pared  to  
d iam ond , as e x c ita tio n  en e rgy  is in c reased . I f  th e y  w e re  du e  to  sp 3-b o n d ed  ca rbon , th e y  
sh ou ld  in c re a se  w ith  in c re a s in g  e x c ita tio n  en e rgy  d u e  to  re so n an ce , a s  th e  en e rgy  g e ts  
c lo se r  to  th e  b and  gap. H ow eve r, th e  1 1 50 cm ’1 b an d  d isapp ea rs  w ith  U V  2 4 4 nm  
ex c ita tio n , w h ich  is  th e  ty p e  o f  b e h av io u r  e x p ec te d  fo r  sp 2-b o n d ed  carbon . T h ey  a lso  ru le  
o u t 115 0 cm '1 b e in g  d u e  to  h ex agona l d iam ond , as su g g e s ted  by  o th e r  au th o rs , b e c a u se  it 
is k n ow n  to  h av e  a  m od e  a t  1 3 2 3 cm '1, j u s t  b e low  th a t  o f  c u b ic  d iam ond . In  s tu d ie s  u s in g  
3 2 5 -2 2 9 nm  ex c ita tio n  th e y  ob se rv ed  a  p eak  a t 10 5 0 cm '1, w h ich  w as n o t p re s en t w ith  
v is ib le  ex c ita tion . T h is  fea tu re  ap p ea rs  d u e  to  re so n an c e  o f  sp 3-b o n d ed  ca rbon s , w h ic h  is 
a  tru e  VDO S  o f  d iam ond  fe a tu re  and  has  o p p o s ite  d e p en d e n c e  o f  e x c ita tio n  w av e len g th  
to  th e  1 1 5 0 cm '1 b and  so  th ey  c an n o t b e  re la ted . T h e  b an d s  a t 1 150cm ’1 an d  1 4 5 0 cm '1 a re  
ro ugh ly  th e  sum  and  d iffe ren ce  com b in a tio n s  o f  C =C  ch a in  s tre tch in g  an d  C H  w agg in g  
m odes. T ran sp o ly a ce ty len e  is an  a lte rn a te  ch a in  o f  s p 2 c a rb on  a tom s, w ith  a  s in g le  
hy d ro g en  b o n d ed  to  e ach  C. T h e  d isp e rs io n  a rise s  b e c au se  o f  th e  co n ju g a ted  n  b o n d in g  
a lo ng  th e  PA  cha in  is b ro k en  in to  segm en ts  o f  d iffe ren t c o n ju g a ted  le ng th s . T h e  lo ca l 
b and  g ap  o f  e a ch  s egm en t in c rease s  a s  th e  leng th  d ec rea se s . V a ry ing  th e  e x c ita tio n  
en e rgy  se le c tiv e ly  tu n e s  in to  a  s egm en t w ith  th a t le n g th  and  ex c ite s  it. T h e  v ib ra tio n a l 
frequ ency  o f  th e  segm en ts  a lso  v a rie s  w ith  th e  c o n ju g a tio n  leng th , so  th is  m o d e  
w av en um be r in c rease s  as  th e  s egm en t le n g th  d ec rease s . T h ey  found  a  le n g th  o f  6 -15  C =C  
un its , as th e  ex c ita tio n  ch ang es  from  325  to  633nm . So , th e y  a ss ig n ed  th e se  p eak s  to  
tran sp o ly ace ty len e  ly ing  in  g ra in  b ounda rie s . T h ey  a lso  o b se rv ed  a  b an d  a t a ro u n d  
1 240 cm '1, w h ich  c o u ld  a lso  p o ss ib ly  a rise  from  tran spo ly ace ty len e . B u t  it is w e ak e r  th a n  
th e  o th e r  tw o  b and s  an d  d o e s  n o t sh ow  sig n ific an t d isp e rs io n .
3 .4 .6  E f f e c t s  o f  c a r b o n  b o n d in g  h y b r id is a t io n  o n  R a m a n  s p e c t r a
R am an  sp ec tro sco p y  p ro b e s  th e  local en v iro nm en t o f  s p 2- and  sp 3-b o n d ed  c a rb on .72 In  th e  
la s t se c tio n  th e  e ffec t o f  d iffe ren t en ergy  so u rces  on  th e  R am an  sp ec tra  o f  c a rbon
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m ate ria ls  w as d iscu ssed . T h is  in vo lv ed  a  ch an g e  in  R am an  sp ec tra  d u e  to  d iffe ren t 
R am an  sca tte rin g  c ro ss -se c tio n s  o f  e ach  h yb rid ised  sp ec ie s . In  th is  se c tio n  th e  ch an g e  in  
th e  sp ec tra  d u e  to  d iffe ren t ra tio s  o f  sp 2:sp3 h y b rid isa tio n  w hen  u s in g  th e  sam e  e x c ita tio n  
so u rce  is d iscu ssed .
As m en tio n ed  in  th e  p rev io u s  s e c tio n  w h en  u s in g  U V  ex c ita tio n  th e re  a re  tw o  m a jo r 
peak s  on e  a t  110 0 cm '1 (T  p eak ) and  a n o th e r  a t ~  16 5 0 cm '1 (G  peak ). G ilk es  e t a l70 
o b se rv ed  th a t  th e  T  p eak  b e cam e  m o re  sym m etrica l w ith  in c rea s in g  sp J-b o n d ed  carbon . 
T h e  T  b and  in ten s ity  in c re ase s  an d  th e  G  b an d  sh ifts  u pw ard s  w ith  in c re as in g  sp J-b o n d ed
carbon . T h e  ra tio  o f  + j Q in c re a sed  w ith  in c re a s in g  sp^-bond ing . T h e  T  a n d  G  p eak
w id th s  do  n o t  ch an g e  s ig n ific an tly  w ith  in c re a s in g  sp J con ten t. T h e  T  b an d  sh ifts  
d ow nw ard s  w ith  in c re as in g  sp J-b o n d ed  ca rb on  b e cau se  th e  sp2-b o n d ed  ca rb on s  h av e  th e  
ab ility  to  fo rm  ch a in s , w h ich  h av e  h ig h e r  frequ enc ies . T h e  G  p eak  ch ang es  in  in ten s ity  
w ith  sp J c o n ten t b e c au se  i f  th e  sp3 c o n te n t d e c rea se s  th e  re la tiv e  p ro p o rtio n  o f  sp 2-b o n d ed  
pa irs  in c rea se s  and  th e  n um b e r  o f  la rg e r c lu s te rs  o f  s p 2-b o n d ed  ca rbon  in c re ase s  re su ltin g  
in in c re ased  o rd e r  a n d  a  d e c rea se  in  th e  G  b and  po s itio n . An in c rease  in  th e  sp J-b o n d ed  
carbon  re su lts  in  an  in c re ase  in  c om p re ss iv e  s tre ss  and  an  in c rease  in  den sity . T h is  re su lts  
in a  d ow nw ard  sh ift fo r th e  G  band . A s sp 2-b o n d in g  in c re ase s  th e re  w ill b e  m o re  sp J-sp 2 
bond ing . T h e se  b on d s  a re  sh o rte r  th an  sp J-sp 3 b o n d  h en c e  sh iftin g  th e  G  b an d  to  a  h ig h e r  
a  freq u en cy  w ith  in c re as in g  sp 2-b o n d ed  carbon . Sp3-b o n d in g  is u n d e r  h ig h  lev e ls  o f
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com p re ss iv e  stra in . M o re  sp  can  b re ak  sp  b on d s  a n d  re liev e  som e  o f  th e  lo ca l s tra in , 
red u c in g  th e  m ean  sep a ra tio n  o f  th e  sp '’ b o n d s  an d  sh iftin g  th e  G  b an d  to  a  h ig h e r  
frequency . P raw e r e t a l73 s tu d ied  d iam ond -lik e  c a rbon  film s and  m on ito red  th e  c h an g e s  in  
th e ir  R am an  sp ec tra  w ith  d ec rea s in g  sp 2-b o n d ed  carbon . T h e  film s b e cam e  m o re  
tran sp a ren t, w h ich  w as c o n s is te n t w ith  th e  in c rease  in  th e  o p tica l b andg ap  as th e  film s 
b ecam e  m o re  d iam ond -lik e . S p ec tra  b e cam e  m o re  symm etrica l an d  th e  G  b and  p o s itio n  
d ec rea sed  as  a  fu n c tio n  o f  sp 2 c o n ten t b u t th is  w as o n ly  a  sh ift o f  5 cm '1 w ith  a  d e c re a se  
from  4 0%  to  2 0%  sp 2-b o n d ed  carbon . P a tte rso n  e t a l74 ob se rv ed  an  u pw ard  sh ift fo r  th e  G  
b and  an d  a ss ig n ed  it as a  d e c rea se  in  th e  s p 2 b o n d  an g le  d is to rtio n s . T h ey  a lso  a ttr ib u te d  
an  upw ard  sh ift fo r th e  D  b and  to  a  re d u c tio n  in  sp J o r d iam ond -lik e  bond in g . Shi e t a l68 
s tu d ied  ta -C  u s ing  U V  R am an . T hey  rep o rted  th a t th e  G  b and  p o s itio n  in c re ase s  a lm o s t
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lin ea rly  and  th e  T  b and  p o s itio n  d ec rea se s  a lm o s t lin ea rly  as th e  sp J frac tio n  in c rease s . 
T h e  T  b and  p o s itio n  is a lm o s t e x c lu s iv e ly  re la ted  to  th e  sp J sites. T h e  n e a re s t  n e ig h b o u r  
o f  sp J-b o n d ed  ca rb on  a tom s  can  b e  an  sp"5- o r sp 2-b o n d ed  carbon . T h ey  a ssum ed  th a t th e  
n e ig h b o u rin g  a tom s  c o n ta in  ze ro  o r o n e  sp  -b ond ed  c a rb on  a tom  fo r  film s w ith  m o re  th a n  
80%  sp J-b o n d ed  carbon . A s th e  sp^ -bond ing  d ec rea se s  th e  am oun t o f  sp 2-b o n d e d  ca rbon s  
n ea r  th e  sp J-b o n d ed  s ite s  in c re ase s , re su ltin g  in  an  u pw a rd  m ov em en t o f  th e  T  p e ak  
b ecau se  o f  th e  h igh  v ib ra tio n a l f req u en cy  o f  th e  sp 2-b o n d ed  a tom s. T h ey  a lso  o b se rv ed  
th a t th e  It /Ig  v a lu e  in c re a sed  a lm o s t lin ea rly  w ith  in c re a s in g  sp J-b o n d in g  b u t  th e  Id /Ig  
v a lu e  d e c rea sed  w ith  in c re as in g  sp J-b ond ing . T h is  w as a ttr ib u ted  to  th e  fa c t th a t th e  s ize  
o f  sp 2-b o n d ed  c lu ste rs  d ec rea se s  as th e  sp3-b o n d ed  frac tio n  in c reases.
3 .4 .7  R am a n  S p e c tro s c o p y  o f  C a r b o n  f r o m  C o a l  a n d  D PM
It is w e ll k n ow  th a t in  re sp o n se  to  in c re a s in g  tem pe ra tu re s  a n d  tim e , o rg an ic  m a tte r  
un d e rg o e s  p ro g re ss iv e  m a tu ra tio n  (co a lific a tio n ).75 T h e  en d  p ro d u c t o f  c o a lif ic a tio n  is 
g raph ite  an d  m o s t m a jo r g rap h ite  d epo s its  a re  c o n s id e re d  to  b e  o rg an ic  in  o rig in . 
M ech an ism s  o f  co a lific a tio n  from  p e a t th ro u g h  an th ra c ite  a re  g en era lly  w e ll u n d e rs to o d . 
C oals  can  c o n ta in  ap p ro x im a te ly  7 5 -9 5%  c a rbon  an d  an th rac ite , th e  co a l d u s t s tu d ie d  in  
th is  w ork , co n ta in s  a ro und  95%  carbon . I t  is a  n a tu ra lly  o c cu rrin g  h a rd  co a l, w h ich  sh ow s  
som e  d eg re e  o f  g rap h itisa tio n  an d  a  low  c o n ten t o f  im pu ritie s  w hen  com p a red  to  o th e r  
h a rd  co a ls  b u t  it  s till c o n ta in s  c o n s id e rab le  am oun ts  o f  H , N , O  and  S from  its  o rg an ic  
p re cu rso rs .13 T h e  m a tu rity  lev e l o f  s ed im en ta ry  o rg an ic  m a tte r  is an  im po rtan t g e o lo g ic a l 
p a ram e te r fo r  co a l.28 T rad itio n a lly , o p tic a l m ic ro sco p ic  m e th o d s  su ch  as  th e  m ea su rem en t 
o f  re f le c tan ce  o f  v itran ite  in  coa ls  (v itran ite  re f lec tan ce , % R o ) ,  w h ich  is a  fu n c tio n  o f  th e  
in te ra c tio n  o f  th e  e lec tr ic  fie ld  o f  in c id en t p o la rised  lig h t a n d  th e  e lec tr ic  f ie ld  w ith in  th e  
ca rbon  la ttice , is u sed  as a  m easu re  o f  coa l m a tu rity .29 T h e  h ig h e r  th e  R o  th e  m o re  m a tu re  
th e  sam p le . S am p les  w ith  low  m a tu rity  a re  c a lled  low  rank ing  so ft co a ls  an d  sam p le s  
w ith  h ig h  m a tu rity  are  ca lled  h igh  ran k in g  h a rd  coals . S in ce  T u in g s tra  an d  K o en ig  f irs t 
in v e s tig a ted  b la ck  g rap h itic  m a te ria ls  u s in g  R am an  sp ec tro sc o p y  th e re  h av e  b e en  a  
n um be r  o f  R am an  s tu d ie s  on  coa l sam p les  in v e s tig a tin g  th e ir  s tru c tu re  and  
m a tu rity .13,26’29’76'80 In  1971 F ried e l a n d  C a rlso n 76 p e rfo rm ed  th e  f irs t R am an  s tu d ie s  on
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coa ls. T h ey  ob se rv ed  o n ly  D  and  G  bands. In  1972  th ey  s tu d ied  a  w id e  v a rie ty  o f  coals  
ran g in g  in  ca rbon  c o n ten t from  ab o u t 74%  fo r a  lig n ite  sam p le  to  a b o u t 9 4%  in  an  
an th rac ite  sam p le 77 T h ey  o b se rv ed  th e  G ’, G a n d  D  b and s . T h e re  w as n o  g en e ra l tre n d  
fo r b and  p o s itio n s  w ith  in c re a s in g  ran k  b u t th e  b andw id th s  ap p ea red  to  d e c rea se  w ith  
in c reas ing  rank  an d  th e  D  b an d  in ten s ity  a n d  Id /Ig  ra tio  d ec reased . T h is  w as  in d ic a tiv e  o f  
in c reas ing  o rd e r an d  la rg e r c ry s ta llite  s izes . T su  e t a l78 a lso  o b se rv ed  th e  D  and  G  b and s  
fo r coal. T h ey  ex p la in ed  th e  o c cu rren c e  o f  th e  D  b an d  a t 1 3 8 0 cm '1 u s in g  th e  p h o n o n  
d isp e rs io n  o f  g raph ite  a n d  ev a lu a ted  th e  s iz e  o f  th e  co a l c ry s ta llites  u s in g  T u in g s tra  and  
K o e n ig ’s equa tion . Z e rd a  e t a l79 s tu d ied  a  low  ran k in g  b row n  co a l a n d  an th rac ite . T h ey  
fo und  no  co rre la tio n  b e tw een  th e  rank  o f  co a l an d  th e  p o s itio n  o f  th e  G  an d  D  b and s  b u t 
th e  sep a ra tio n  b e tw een  th e  tw o  b and s  w as  g re a te r  in  th e  an th rac ite  w ith  its  G  b and  h av in g  
a  w id th  o f  4 0 cm '1 com pared  to  140cm"1 fo r th e  b row n  coal. T h e  D  b an dw id th  v a ried  from  
80cm "1 to  200cm "1. T h is  b ro ad en in g  w as a ttr ib u ted  to  a  c ry s ta llite  s iz e  e ffec t w ith  th e  
w id th  in c reas in g  w ith  d e c rea s in g  s ize . T h ey  d is cu s sed  tw o  d iffe ren t e ffec ts  in  co a l th a t  
in flu en ce  th e  R am an  b an d  shape . T h e  f irs t e ffec t b e in g  th e  lim ita tio n  o f  m ic ro c ry s ta llite  
s izes  by  th e  g rap h ite  p la n e  b ounda iy . T h e  seco n d  e ffe c t b e in g  d iso rd e r  in d u c ed  in  th e  
local g rap h ite - lik e  c ry s ta llites  b y  a lip h a tic  c om pon en ts  a n d  v a rio u s  su b s titu en ts  lin k ed  to  
a rom a tic  rings. T h e  in c re ase  in  th e  G  b an dw id th  c o u ld  h av e  b e en  a sso c ia te d  w ith  th e  firs t 
e ffec t and  th e  D  b and  b ro ad en in g  m ay  b e  re la ted  to  b o th  e ffects. T h e  g rea t n um b e r  o f  
p o ss ib le  d iso rd e red  s tru c tu re s  in  coa l can  c re a te  a  v e ry  b ro ad  D  band . T h ey  a lso  o b se rv ed  
a  b ro ad  sh o u ld e r  a t a ro und  1270cm "1 in  th e  an th ra c ite  sam p le . T h is  w as a sc rib ed  to  a  
p o ss ib le  d iam ond -lik e  a tom ic  a rrang em en t, w h ich  m ig h t b e  a  d ow n sh if te d  1332cm "1 
d iam ond  b an d  d u e  to  defec ts . T h ey  ru led  o u t th e  p o s s ib il ity  o f  th is  b a n d  a ris in g  from  a  
d ec rea se  o f  th e  sca tte rin g  u n it o f  symm etry  b e cau se  an th ra c ite  is a  h ig h -ran k  co a l in  
w h ich  th e  tran s la tio n a l sym m etry  is b e lie v ed  to  b e  q u ite  h igh . G reen  e t a l29 p e rfo rm ed  
R am an  s tu d ie s  on  d if fe ren t co a ls  a n d  cokes . T h ey  m on ito red  th e  c h an g e  in  th e  R am an  
sp ec tra  o f  co a l w ith  d iffe ren t h e a t tre a tm en t tem pe ra tu re s . T h ey  a lso  e x p la in ed  th e  o rig in s  
o f  th e  G, D , D ’ and  G ’ b ands. T h e ir  re su lts  h av e  a lre ady  b e en  in co rp o ra ted  in to  m y  
ex p lan a tio n  o f  th e se  b and s  an d  th e  e ffec ts  o f  HTT . F rom  th e  R am an  s tu d ie s  o f  co a ls  
B en y  an d  Jeh lick a80 ob se rv ed  th a t h ig h e r  m a tu rity  re su lts  in low e r Id /Ig  ra tio s  w ith  a  
p rog re ss iv e  n a rrow ing  o f  th e  b and s  and  a  s low  d isap p ea ran ce  o f  th e  D  band . T h ey
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ob se rv ed  b ro ad  b and s  in a n th ra c ite  w ith  th e  D  b and  h av in g  a  w id th  o f  1 0 0 cm '1 an d  th e  G  
band  w ith  a  w id th  o f  6 5 cm '1. T h ey  a lso  ob se rv ed  a  v e ry  w eak  b and  a t 2240cm "1 an d  a  
b road  G ’ b an d  c en tred  a t 2 6 8 2 cm '1 w h ich  d id  n o t  sp lit  in to  G 'i and  G '2, d em on s tra tin g  
low  stru c tu ra l o rder. K e lem en  and  F an g 26 c la im ed  th a t  a  d iffe rence  in  th e  a p p ea ran ce  o f  
th e  R am an  b and s  fo r coals  d ep en d s  on  th e  g eo lo g ic  h is to ry  o f  th e  sam p le . T h ey  rep o rted  
th a t th e  D  b an d  p o s itio n  sh ifts  to  low e r en e rg ie s  w ith  in c re a s in g  Ro /m aturity . T h is  sh ift 
can  ex ceed  5 0 cm ’1. T h e  G  b an d  sh ifts  tow a rd s  h ig h e r  freq u en c ie s  w ith  in c re as in g  
m a tu rity  b u t  th is  sh if t do e s  n o t  e x ce ed  1 0 cm '1. T h e re  is an  in c rea se  in  b an d  sep a ra tio n  
w ith  in c re a s in g  m a tu rity , w h ich  is a  re su lt o f  th e  n a rrow ing  o f  b o th  th e  G  an d  D  b and s  
le ad ing  to  a  d e c rea se  in  th e  Id /Ig  v a lu e . H ow eve r, e v en  a t h ig h  Ro v a lu es  th e  D  b an dw id th  
is m uch  w id e r  th an  th e  w id th s  o b se rv ed  w ith  im pe rfe c t g raph ite s . D u rin g  co a lif ic a tio n  th e  
d ev e lo pm en t o f  g raph itic  lay ered  s tack in g  is in h ib ite d  by  de fec ts  an d  b o u nd a ry  s tru c tu re s  
in c lu d in g  H , N , S an d  O.
T he re  has  b e en  a  lim ited  n um b e r  o f  R am an  s tu d ie s  on  D PM  re la ted  c a rb o n  a lth o u g h  
B lah a  e t a l21 re cogn ised  its  p o ten tia l fo r s tu d y in g  c a rb o n aceo u s  m a te ria l a sso c ia te d  w ith  
u rban  a irb o rn e  p a rticu la te s  a s  fa r b ack  as  1978 . T h ey  o b se rv ed  D  and  G b a n d s  a t 1 3 50 cm ' 
1 and  16 0 0 cm '1 re sp ec tiv e ly . F rom  th e ir  s tu d ie s  th ey  c o n c lu d ed  th a t c a rb on  in 
env iro nm en ta l sam p les  is a n a lo gou s  to  p o ly c ry s ta llin e  g raph ite . Z e rd a  e t a l81 s tu d ied  
com bu s tio n  en g in e  d epo s its  a n d  o b se rv ed  D  and  G  b and s  a t 1 3 5 0 cm '1 and  1 5 9 0 cm '1 
re spec tiv e ly . T h ey  c a lcu la ted  th e  c ry s ta llite  la te ra l s iz e  (.La) fo r fue ls  w ith  2 2 -4 4%  
a rom a tic  co n ten t. T h e  c ry s ta llite  s ize  in c reased  w ith  th e  a rom a tic  c o n te n t from  1,5 9 nm  to  
1 .82nm , w h ich  co rre sp o n d ed  to  6  to  7  b e n z e n e  r ing s  ac ro ss  e ach  g rap h en e  layer. 
P o p v itch ev a  e t a l39 p e rfo rm ed  R am an  s tu d ie s  on  a irc ra ft c om bu s to r  soo t. T h ey  o b se rv ed  a  
D  b and  a t 1 3 4 7 cm '1 G b a n d  a t 1 5 9 5 cm '1 an d  to o k  th e  sp ec tra  to  b e  a  c le a r  s ig n a tu re  o f  
d iso rd e red  g rap h itic  ca rbon s. T h ey  a ss ig n ed  th e  D  b and  to  p o ly a rom a tic  rin g  v ib ra tio n s  in  
sm all g rap h itic  c ry s ta llites  and  th e  G  b and  to  c a rb o n -ca rb o n  s tre tch in g  v ib ra tio n s . T h ey  
a lso  o b se rv ed  w eak  b and s  a t 2 9 6 5 cm ’1 an d  3 0 4 1 cm '1, w h ich  cou ld  b e  d u e  to  sym m e tric  
and  an ti-sym m etric  s tre tch in g  o f  m e thy l g ro up s  from  ad so rb ed  h yd ro ca rb on s . B an d s  a t 
341 l c m '1 and  2 5 0 0 cm '1 w e re  a ss ig n ed  to  -O H  and  CO - s tre tch in g  v ib ra tio n s  re sp ec tiv e ly . 
U sing  T u in s tra  and  K o e n ig ’s eq u a tio n  th e y  c a lcu la ted  th e  c ry s ta llite  s iz e  to  b e  in  th e  1.2-
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3nm  range . S ize  e t al s tu d ied  d ie se l a n d  u rb an  p a rticu la te s . T h ey  b e lie v ed  th a t  th e  m o s t 
im po rtan t R am an  fea tu re s  fo r th e  ch a rac te risa tio n  o f  th e  p a rtic le s  w e re  th e  th re e  g rap h itic  
G, D  an d  D ’ b ands. T h e  D PM  h ad  a  D  b an d  a t 1 3 9 5 cm '1. T h e  D ’ lin e  a t a b o u t 1 6 2 0 cm '1 
w as th e  s tro n g e s t fe a tu re  a n d  th e re  w as a  v e ry  w eak  G  b an d  a t a p p ro x im a te ly  15 8 0 cm '1. 
T he  la rg e  Id ’/Ig  ra tio  su g g e s ted  th a t  th e  su rface  to  v o lum e  ra tio  o f  th e  g rap h itic  
c ry s ta llites  w as large. T h e  la rge  sh ift in  th e  m ax im um  o f  th e  D  lin e  from  th e  u su a l 
1360cm ’1 o f  d iso rd e red  ca rb on s  su g g es ted  th a t th e  c ry s ta llite  edges  m ay  h av e  b e en  
ch em ica lly  m od if ied  by  th e  d ie se l c om bu s tio n  in  a  w ay  th a t  ch ang e s  th e  e le c tro n ic  
e n v iro nm en t o f  th e  ed g e  v ib ra tio n s . In  c o n tra s t to  th e  d ie se l p a rtic le s  th e  th re e  g rap h itic  
b and s  w ere  lo ca ted  a t f req u en c ie s  m o re  c lo se ly  re la ted  to  g rap h itic  s am p les  in  th e  R am an  
sp ec tra  o f  th e  u rb an  p a rtic le s . T h is  w as a ttr ib u ted  to  a  m uch  low e r frac tio n  o f  d ie se l 
p a rtic le s  in  th e  u rb an  sam p les . T h e  in ten s ity  o f  th e  D* b an d  w as s till g re a te r  th an  th e  G  
b and  an d  th ey  ob se rv ed  th is  fo r all th e ir  am b ie n t a ir  sam p les .
3 .5  Q u a l i t a t iv e  R a m a n  a n a ly s is  o f  th e  c o a l  d u s t  a n d  D P M  s am p le s  u s e d  in  th e  
p r e s e n t  S tu d y
3 .5 .1  I n t r o d u c t io n
The  p rin c ip le  a im  o f  th is  p ro je c t is th e  d ev e lo pm en t o f  a  R am an  sp ec tro sco p y -b a sed  
m e th o d  to  a n a ly se  c a rb o n -b a sed  p a rticu la te s  in  m ix tu res  p ro d u c ed  from  D PM  a n d  co a l 
d u s t in  coa lm ines . T o  a ch iev e  th is  a im  it w as n e ce ssa ry  to  d e te rm in e  a  su ita b le  
com b in a tio n  o f  in s trum en t pa ram ete rs , w h ich  g ave  re p ro d u c ib le  sp ec tra  fo r  th e  co a l an d  
D PM  sam p les . A  n um b e r  o f  e xp erim en ts  w ith  v a rio u s  com b in a tio n s  o f  o b je c tiv e  le n se s , 
la se r p ow e rs  and  scan  tim es  w e re  carried  ou t. T h e se  ex p e r im en ts  a re  d e sc r ib ed  in  d e ta il 
in  ch ap te r  5. In  th is  se c tio n  b an d  p o s itio n s , b andw id th s  a n d  b and  in ten s ity  ra tio s  o f  co a l 




3 .5 .2  E x p e r im e n t a l
A  R am an  spec trum  o f  a b lank  quartz  fibre filter  w as taken  in  the  900 -19 0 0 cm '1 range  
using  x50  tim es ob jec tive , 250  seconds scan  tim e and a 25mW  633nm  H eN e  la se r at 10% 
power. R am an  spec tra  w ere  taken  separa te ly  o f  coal du st and DPM , co llec ted  on  quartz 
fibre filters, in  th e  2 00 -4 0 00 cm '1 range  u sing  a x50  tim es  ob jec tive , 250  seconds scan  
tim e and  a 25mW  633nm  H eN e la se r at 10%  pow er (2 .5mW ) to  avo id  h ea tin g  the  
sample. The scans w ere  repea ted  u s ing  the  sam e in strum en t p aram ete rs  b u t in  th e  900- 
1900cm '1 range , w here  the  m ain  firs t-o rder bands fo r ca rbon  occur. 2nd deriv a tiv e  cu rves  
o f  th e  sho rte r range  spectra  w ere  ob tained . T he  2nd deriva tiv e  cu rves w ere  u sed  to 
es tim ate  th e  n um ber and  po s itio n  o f  the  peaks p re sen t in  the  coal dust and  D PM  spectra. 
A ided  by  th e  in fo rm ation  from  the  2nd deriv a tive  cu rves, th e  p eak  fitting  app lica tion  in  
th e  G ram s32  spec tra l p rocessing  so ftw are  w as u sed  to  p eak  fit th e  spec tra . T he  p eak  
positions, he igh ts, w id th s  and  areas  w ere  also  ca lcu la ted  u s ing  the  f itting  app lica tion .
3 .5 .3  R e s u l ts  a n d  d is c u s s io n
Coun ts /  R am an  S h ift (cm -1 )
S p e c t r u m  3 .5 .1 : B lank  quartz  fibre filter, 250s, x50ob j, 633nm  Laser at 10%
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F rom  th e  R am an  spectrum  o f  the quartz  fibre filter  (spec trum  3 .5 .1) 5 b and s  at 9 1 5 cm '1, 
1371cm '1, 1 5 8 2 cm 1, 1648cm '1 and  1864cm '1 w ere observed . T hese  b and s  d id  no t occur 
in  the spec tra  o f  the  DPM  and coal du st show n  here. It w as o rig in a lly  p re sum ed  tha t these 
bands w ere  due to the quartz  fib re  substra te. The assum p tion  w as suppo rted  b y  th e  fact 
that w hen  there w as a h igh  concen tra tion  o f  sam ple on  the  filte r th e re  w as little  o r no 
con tribu tion  o f  these  bands to  the  spectrum . Th is suggested  tha t at h igh e r concen tra tions 
the filte r w as covered  b y  the sam ple  p reven ting  a signal from  the  quartz . How ever, later 
in  th is  w o rk  it w as d iscovered  th a t these  bands w ere  no t due to th e  quartz  fib re filters bu t 
th ey  w ere  ac tua lly  un filte red  p la sm a  lines  from  the  633nm  H eN e laser. T he  tru e  reason  
w hy  these  bands w ere  m o re  in tense  w hen  there w as less sam ple  on  th e  sub stra te  w as 
because  th e  w h ite  substra te  m ore  e ffec tive ly  re flec ts  th e  la se r ligh t w hen  there  is less o f  
the  b lack  sam ple  p resen t to ad so rb  the  light, re su lting  in  m ore  lase r ligh t b e in g  reflec ted  
in to  the  in strum en t and an increase  in the con tribu tion  due to  th e  p la sm a  lines. A lso , 
w hen  th ere  is less sam ple  there  on  the  filte r the signal due  to  th e  ca rbon  p a rtic le s  is 
reduced  and  the lase r p la sm a  lines are no t as s ign if ican tly  m asked  b y  th e  ca rbon  
spectrum .
F ig  3 .5 .1  : Coal dust on  a quartz  fibre filte r (X 20 m agn ifica tion )
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C oun ts  /  R aman  S h if t (cm -1 ) P aged  X -Z oom  CURSOR
S p e c t r u m  3 .5 .2 : Coal du st on  a quartz  fib re  filter, 250s, x50ob j, 633nm  L ase r at 10%
C oun ts /  R aman  S h if t (cm -1 )
S p e c t r u m  3 .5 .3 : 2 71pg  Coal dust, 250s, x50ob j, 633nm  L ase r at 10%
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F i t te d  T r a c e  +  R e s id u a l  +  2 n d  D e r iv a t iv e
O r ig in a l  T r a c e  +  P e a k s  +  B a s e l in e
5 5 0 0 0 -
Ram an  S h if t (cm -1 )
F ig  3 .5 .2 : (a) F itted  trace, residual and second  deriva tiv e  o f  a coal spec trum  
(b) O rig ina l coal dust spectrum  and  its fitted  peaks
P e a k  N u m b e r P o s i t io n  ( c m 1) H e ig h t W id th  ( c m 1) I n t e g r a t e d  
s p e c t r a l  a r e a
1 1173 2420 86 221565
2 1252 6858 98 760011
3 1353 14756 118 2119589
4 1440 1901 66 153089
5 1517 5776 142 880578
6 1595 16355 63 1256820
7 1676 1048 78 87354
T a b le  3 .5 .1 : Pea c positions, heigh ts , w id th s and  areas  from  a coal sp ec trum  p eak  fit
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20  (jm
F ig  3.5 .3  : D PM  on a quartz  fib re  filte r (x20  m agn ifica tion )
Coun ts / R aman  S h if t (cm -1 )
S p e c t r u m  3 .5 .4 : 328pg  D PM  on a quartz  fib re  filter, 250s, x50ob j, 633nm  L ase r at 10%
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S p e c t r u m  3 .5 .5 : 328pg  D PM , 250s, x50ob j, 633nm  L aser at 10%
D e riva tive  /  R aman  S h if t (cm -1 )
F ig  3 .5 .4  : 2nd deriva tive  o f  a D PM  spec trum
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F i t te d  T r a c e  +  R e s id u a l  +  2 n d  D e r iv a t iv e
O r ig in a l  T ra c e +  P e a k s  +  B a s e l in e
(a )
F ig  3 .5 .5 : (a) F itted  trace , residual and  second  deriv a tive  o f  a D PM  spec trum  
(b) O rig ina l D PM  spectrum  and its fitted  peaks
P e a k  N u m b e r P o s i t io n  ( c m 1) H e ig h t W id th  ( c m 1) I n t e g r a t e d  
s p e c t r a l  a r e a
1 1199 457 174 89146
2 1335 2603 154 473252
3 1504 944 150 151132
4 1596 2182 79 233062
T a b le  3 .5 .2 : P ea c positio ns , heigh ts , w id th s  and  areas from  DPM  spec trum  p eak  fit
F rom  spectrum  3.5 .2  and  3 .5 .4  it can  b e  seen  that bo th  the  coal and  D PM  spec tra  have  
h igh  fluo rescence  levels  in  th e  second -o rder reg ion. I f  any  second -o rde r fea tu res  w ere  
p resen t in  the  spec tra  due to  the  ca rbon  th ey  have  been  m asked  b y  th is  fluo rescence . 
There are no  s ign ifican t features in  the  low  frequency  reg ion  fo r th e  coa l dus t. How ever, 
there is a sadd le  shaped  feature at 200 -900cnT1 w ith  tw o bands  cen tred  at -4 0 0 cm "1 and  
- 8 0 0 cm '1, fo r the  DPM . A cco rd ing  to  W ang  et al4 th is  featu re  arises  due  to  th e  sho rt- 
range o rder in  am orphous carbon. The band  position s  o f  4 0 0 cm '1 and  800cm ’1 are  s im ila r 
to  those  observ ed  fo r h igh ly  am orphous carbon . T hese  b ands  w ou ld  b e  less  in ten se  and
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be  cen tred  a t a  h ig h e r frequ en cy  fo r  ca rbon  m ate ria ls  w ith  a m o re  o rd e red  s tru c tu re . T he  
ab sence  o f  th is  fea tu re  in the  coal sp ec trum  is one  o f  th e  m ost o b v iou s  in d ic a to rs , in  th is  
study , th a t it has a m uch  m ore  o rd e red  carbon  s tru c tu re  th an  th e  c a rbon  from  th e  D PM .
T here  w ere  7 band s  fitted  to th e  coa l sp ec trum  and  th e ir  po s itio n s , h e igh ts , w id th s  and 
areas  a re  show n  tab le  3 .5 .2 . T he  D  and  G  band s  a re  lo ca ted  a t 1353 cm '1 and  1 595 cm '1 
re spec tiv e ly . T he  b and  a t 1 173 cm '1 cou ld  po ssib ly  be  a VDO S  fea tu re  fo r  d iam ond -lik e
sp3-bonded  carbon  o r hex agona l d iam ond . H ow ever, a cco rd ing  to  F e rra ri and  R ob e r tso n61
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th is  band  and  a  band  n ea r 1450cm ' c anno t o rig in a te  from  sp  -b ond ed  ca rb on -ca rb on
bonds  and  a ttr ib u te  th e se  b and s  to  sp2-bonded  ca rbon  from  tran spo ly ac e ty len e  cha in s
ly ing  in  g ra in  bounda rie s . T h e  b and  a t 1 2 52 cm '1 is a lm ost c e rta in ly  a fe a tu re  in  th e
VDO S  o f  d iam ond -lik e  carbon . T he re  w as no  p e ak  ob se rv ed  n e a r  1 4 4 0 cm '1 in  th e  2 nd
de riv a tiv e  trace  o f  th e  coal d u s t spec trum . H ow ever, a  b and  w as req u ired  in  th is  p o s itio n
to  g e t a g ood  cu rv e  fit o f  th e  spec trum . T he re fo re , it is u n c lea r  i f  th is  is  a  re a l fea tu re  o r  if
it is ju s t  requ ired  to sa tisfy  the  m a them atics  o f  th e  fitting  p rog ram . I f  th is  b and  is a  rea l
fe a tu re  and  is no t due  to sp2-bonded  carbon  from  tran spo ly ace ty len e  it co u ld  p o ss ib ly
arise  from  a te trah ed ra lly  b onded  d iam ond  p recu rso r p hase  o r  sp  -b onded  a tom s lin k ing
sm all dom ain s  co n stitu ted  o f  s tacked  a rom atic  p lanes . T he  b and  a t 1517 cm '1 is
ch a rac te ris tic  o f  im pe rfec t g raph ite  and  m ay  be  du e  to  th e  p re sen ce  o f  im pu ritie s , such  as
n itrogen , in  th e  am o rphous  carbon  phase . It can  a lso  o rig in a te  from  iso la ted  sp  -bonded
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carbon  c lu ste rs  in  an  sp  -n e tw o rk  o f  am o rphou s  carbon . T he  o rig in  o f  th e  b and  a t 
1676 cm '1 is unknow n  b u t th e  fac t th a t it is sh if ted  to  h ig h e r w avenum be rs  th an  th e  G  
band  sugges t th a t it is s im ila r to  a  D ’ band  w h ich  is u su a lly  p re sen t a round  1620 cm '1. T he  
D ’ band  is su spec ted  to  a rise  from  g raph ite  layers  lo ca ted  a t th e  b o und a rie s  o f  c ry s ta llite s  
and  is sen s itiv e  to  th e  com po sitio n  o f  th e  m a te ria l in  con tac t w ith  th e  su rface  lay e rs  o f  the 
g raph ite , w h ich  m od ifies  th e ir  e lec tron ic  env ironm en t. T h e  u pw a rd  sh ift f rom  the  G  band  
po s itio n  m ay  be  due  to  an  a lte red  e lec tron ic  s ta te  o f  a b o und a ry  p lan e  o r  by  its redu ced  
symm etry . T h is  band  a t 1679 cm '1 cou ld  p e rh ap s  o rig in a te  from  a b lu e  sh ifted  G  band  due  
to  d ram a tica lly  ch anged  e lec tron ic  s ta tes  o f  ce rta in  b ounda ry  p lan es  d u e  to  th e  p re sen ce  
o f  im pu ritie s  in the g ra in  boundarie s .
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The  p o s itio n s , h e igh ts , w id th s  and  a reas  fo r  th e  4  b and s  f itted  to  th e  D PM  sp ec trum  are 
show n  in  tab le  3 .5 .2 . T he  D  and  G  band s  a re  cen tred  a t 1335 cm '1 and  1 5 9 6 cm '1 
re sp ec tiv e ly . T he  1 19 9 cm '1 and  1 5 0 4 cm '1 bands can  be  a ss ig n ed  to  s im ila r o rig in s  as the 
1 1 7 3 cm '1 and  1 5 1 7 cm '1 band s  in  th e  coal sp ec trum  re sp ec tiv e ly .
T he  G  band  fo r b o th  th e  coal and  th e  DPM  sp ec tra  is lo ca ted  a t a round  1 5 95 cm '1. T h is  
sh if t from  the  - 1 5 8 0 cm '1 p eak  fo r th e  E 2g m ode  o f  g raph ite  is u sua lly  a ttr ib u ted  to  the 
p re sen ce  o f  a D ’ band  a t abou t 1620 cm '1. H ow eve r, no  b and  a t 1 6 2 0 cm '1 w as d e tec ted  fo r 
e ith e r  th e  coal o r  D PM  spec tra . T h e  fa c t th a t th e  G  b and  o ccu rs  a t such  a  h igh  po s itio n  
sugges ts  th a t th e re  m igh t p o ss ib ly  be  a  w eak  b and  abou t 1620 cm '1 w h ich  is in ten se  
enough  re su lt in  a  sh if t b u t n o t in ten se  enough  fo r i t to  n ece ss ita te  its in c lu s io n  fo r  a good  
p eak  fit.
T he  add itiona l b and s  a round  1 2 5 0 cm '1 and  1440 cm '1 p re sen t in  th e  coa l sp ec trum  po in t 
tow ard s  th e  coal h av ing  a h ig h e r  sp3-bonded  ca rbon  con ten t th an  th e  DPM .
The  typ ica l b andw id th  fo r th e  E 2g m ode  o f  w e ll-o rd e red  g raph ite  is a round  3 0 cm '1. T he  G  
b andw id th s  fo r th e  coal and  d ie se l sp ec tra  in th e  p re sen t s tu dy  a re  6 3 cm '1 and  7 8 cm '1 
re sp ec tiv e ly  and  th e  D bandw id th s  fo r  coal and  D PM  are 154 cm '1 and  118cm ’1 
resp ec tiv e ly . T he  b andw id th  o f  th e  p eak  a round  118 0 cm '1 is 8 6 cm '1 fo r  th e  coa l and  
1 74 cm '1 fo r  th e  DPM . H ow ever, th e  b andw id th  o f  th e  lin e  a round  1 5 1 0 cm '1 is ve ry  
s im ila r fo r bo th  sam p les  be ing  1 4 2 cm '1 fo r th e  coal and  1 5 0 cm '1 fo r  th e  D PM . G enera lly  
sp eak ing  th e  b andw id th s  fo r  th e  peak s  in  th e  D PM  spec tra  a re  m uch  b ro ad e r  th an  th e  
p eak s  in  th e  coa l spec trum . T h is is a  fu rth e r in d ica tio n  th a t th e  D PM  sam p le  has  a  m uch  
less  o rd e red  s tru c tu re  w ith  sm alle r c ry s ta llite s  th an  the  coal dust. T h e  sep a ra tio n  b e tw een  
the  G  and  D  p eak s  is 2 4 2 cm '1 fo r  th e  coa l sp ec trum  w hereas  th e  sep a ra tio n  fo r  th e  DPM  
spec trum  is 2 6 1 cm '1. It is unu sua l th a t th e  D PM  has  a la rg e r sep a ra tio n  b e tw een  the  peaks 
becau se  th e  b and s  are  b ro ad e r th an  fo r the  coal sp ec trum  and  i f  th e  c a rb on  from  th e  D PM  
is m ore  d iso rd e red  th an  the ca rbon  from  th e  coal th e  sepa ra tion  b e tw een  th e  p eak s  w ou ld  
be  exp ec ted  to  be  le ss  fo r  the  D PM  spec trum .
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The  v a lu e  o f  L a w as ca lcu la ted  to  be  7 .1nm  fo r  coal d u s t and  5 .9nm  fo r  D PM . A lthough  
th ese  a re  s tr ic tly  em p irica l va lu es , th e  la rg e r c ry s ta llite  s ize  fo r  th e  coal d u s t ag rees  w ith  
the  con jec tu re  th a t th e  n a rrow e r b andw id th s  in d ica te  th e  ca rbon  in  th e  co a l is m ore  
o rde red  th an  th e  ca rbon  from  th e  D PM . H ow ever, th e  tw o  c ry s ta llite  s izes  a re  very  
sim ila r. I f  th e  c a lcu la tio n  w ere  an  accu ra te  e s tim a tion  th e  sm all d iffe ren ce  in  c ry s ta llite  
size, th a t d iffe ren ce  in  i ts e lf  w ou ld  p rob ab ly  no t b e  re sp on sib le  fo r  th e  la rg e  d iffe rences  
in th e  b andw id th s  and  th e  p re sen ce  o f  th e  sadd le  sh aped  fea tu re  b e tw een  2 0 0 -9 0 0 cm '1 in 
th e  DPM  spec trum . It is lik e ly  th a t th e  carbon  from  th e  D PM  is m o re  am o rphou s  w ith  
less  sh o rt-rang e  o rd e r  th an  th e  carbon . T h is  a ssum p tion  is b ack ed  up  by  th e  sp ec tra  fo r 
the  D PM  be ing  m uch  less in ten se  than  th e  coal d u s t spec tra . T h e  coa l d u s t appears  to 
con ta in  a h ig h e r frac tion  o f  sp3-bonded  ca rbon  th an  th e  D PM . T he  sp ec tra  h e re  w ere  
co llec ted  u sing  a 6 33nm  ex c ita tio n  sou rce  and  sp 3-bonded  ca rbon  has a  m uch  low er 
R am an  sca tte ring  c ro ss-sec tio n  th an  sp2-bonded  ca rbon  fo r v is ib le  R am an .63 T he re fo re , if  
the  coal d u s t has  a  la rg e r frac tion  o f  sp3-bonded  carbon  than  th e  D PM  its  sp ec tra  w ou ld  
be  expec ted  to  be  le ss  in ten se  th an  th e  D PM . H ow ever, th e  DPM  sp ec tra  a re  le ss  in ten se  
th an  th e  coa l d u s t sp ec tra  here . T h is  ind ica tes  th a t th e  ca rbon  from  th e  D PM  is m uch  less 
o rde red  th an  th e  ca rbon  from  the  coal d u s t b ecau se  R am an  in ten s ity  is g re a tly  red u ced  fo r 
am o rphou s  m ate ria ls  com pared  to  tho se  in  th e ir  c ry s ta llin e  fo rm . A no th e r fa c to r  w h ich  
m ay  in flu en ce  th e  in ten s ity  d iffe rence  is th e  fa c t th a t sp3-b onded  c a rb on  has  a  la rg e r  
op tica l b andgap  th an  sp2-bonded  carbon . So, i f  th e  coal has a h ig h e r  sp 3-b onded  ca rbon  
con ten t th an  th e  DPM  it w ou ld  be  m ore  tran sp aren t th an  th e  D PM . T h is  w ou ld  re su lt in  
th e  D PM  sam p le  ad so rb ing  m ore  o f  th e  in c id en t rad ia tio n  and  red u ce  th e  am oun t o f  
sca tte red  ligh t com pared  to  th e  coal sam ple .
T he  fac t th a t th e  D PM  sp ec trum  has b ro ad e r b ands, redu ced  in ten s ity  and  con ta in s  a  low - 
frequency  sadd le  sh aped  fea tu re  be tw een  2 0 0 -9 0 0 cm '1, due  to  am o rphou s  carbon , 
in d ica tes  th a t th e  carbon  from  th e  DPM  is m uch  le ss  o rd e red  th an  th e  c a rbon  from  th e
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coal. T h e  p re sen ce  o f  b and s  a t 1173 cm '1, 1 2 52 cm '1 and  1 4 4 0 cm '1 in  th e  coa l sp ec trum  
po in ts  tow ard s  th e  coal sam p le  h av ing  a h ig h e r c on ten t o f  sp3-b onded  ca rbon  th an  th e  
DPM  sam ple .
T he  la rg e  d iffe ren ces  in  b andw id th s , th e  d iffe ren t sepa ra tion s  b e tw een  th e  D  and  G  bands 
and  th e  o ccu rren ce  o f  add itiona l peak s  in  th e  coal sp ec trum  com pared  to  th e  D PM  
spec trum  sugges ts  th a t R am an  sp ec tro scopy  m ay  h av e  to  p o ten tia l to  be  u sed  to 
d is tin gu ish  b e tw een  th ese  tw o  sam p les  in a m ix tu re .
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C h ap ter
4
C h a ra c te r isa tio n
o f
D PM  an d  C oa l D u s t  
u s in g
A lte rn a tiv e  T e ch n iq u e s
4 . C h a r a c t e r i s a t io n  o f  D P M  a n d  C o a l d u s t  u s in g  a l t e r n a t iv e  t e c h n iq u e s
4 .1  X - r a y  p h o to e le c t r o n  s p e c t r o s c o p y  (X P S )
4 .1 .1  I n t r o d u c t io n
W hen  u s in g  v is ib le  sou rces  o f  exc ita tion , fo r  th e  R am an  s tu dy  o f  ca rb on aceou s  m a te ria ls , 
a  re so n an ce  en h an cem en t o f  th e  R am an  c ro ss-sec tio n  o f  sp2 bond s  o ccu rs . T h is  
p h enom enon  can  re su lt in  sp2 bond s  h av ing  sca tte ring  e ffic ien c ie s  50  to  100 tim es  g re a te r 
than  sp3 bond s , w h ich  le ad s  to  th e  con tr ib u tio n  o f  sp2 sites  d om in a tin g  th e  sp ec tra .1 
T he re fo re , R am an  s tu d ies  a lo ne  do  no t a llow  fo r  th e  d irec t id en tific a tio n  and  e s tim a tion
2  3
o f  sp  - and  sp  -bonded  sites  in  ca rbonaceou s  m a te ria ls . H ow eve r, th e  sen s itiv ity  fa c to r  fo r 
X PS  co re -lev e l sp ec tra  d epend s  on ly  on  th e  a tom ic  fac to rs  and  is in d ep end en t o f  th e  
chem ica l s ta te  o f  th e  a tom s. T he re fo re , X PS  can  g iv e  a d irec t e s tim a tio n  o f  th e  ca rbon  
sp2/s p 3 h yb rid isa tio n . In  th is  sec tion  bo th  D PM  and  coa l d u s t sam p les  a re  an a ly sed  using  
X PS  and  th e ir  C l s  b and s  cu rv e fitted  to  g e t an  e stim a tio n  o f  th e  c a rbon  sp2/s p 3 
h yb rid isa tio n . T h e  e lem en ta l com position  o f  each  sam p le  is a lso  es tim ated .
4 .1 .2  E x p e r im e n ta l
DPM  and  coa l d u s t sam p les  w ere  m oun ted  on  in d ium  fo il. T h e  an a ly s is  w as p e rfo rm ed  
u s ing  a  K ra to s  A x is  165 X PS  sp ec trom e te r w ith  an  A l K a  m onoch rom a tic  sou rce , h av ing  
a sp ec tra l re so lu tio n  o f  0 .1 -0 .2 eV . A  su rvey  scan  w as taken  o f  each  sam p le . T h e  su rvey  
scan  w as u sed  to  d e te rm in e  th e  e lem en ta l com po sitio n  o f  e ach  sam ple . A  n a rrow  scan  fo r 
each  e lem en t w as p e rfo rm ed  to  de te rm ine  th e  am oun t p re sen t. A  n a rrow  scan  o f  th e  C l s  
b and  w as cu rv e fitted  to  g e t an  e stim a tion  o f  th e  ca rbon  sp2/sp 3 h y b rid isa tio n  o f  D PM  and  
coal dust.
4 .1 .3  R e su l t s  a n d  d is c u s s io n
The  X PS  su rvey  scans o f  D PM  and  coal du s t a re  show n  in  figu res  4.1 .1  and  4 .1 .3  
re sp ec tiv e ly . P eak  ass ignm en ts  fo r th e  X PS  su rvey  scan  o f  D PM  and  coa l d u s t a re  show n  











F ig u r e  4 .1 .1 :  XPS  su rvey  scan  o f  DPM
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F ig u r e  4 .1 .3 : X PS  su rvey  scan  o f  coal du s t
F ig u r e  4 . 1 . 4 :  X P S  s u r v e y  s c a n  o f  c o a l  d u s t  ( w i t h  p e a k s  a s s i g n e d )
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T he  a tom ic  p e rcen tag es, fo r th e  e lem en ts  p re sen t in  con cen tra tio n s  g re a te r  th an  0 .1% , o f  
the  D PM  and  coa l d u s t a re  show n  tab le s  4.1 .1  and  4 .1 .2  re sp ec tiv e ly .
E lem e n t C o n c e n t r a t io n  (a t .% )
C 6 8 .8 2
O 2 8 .7 8
F e 0 .7 5
S 0 .3 2
S i 0 .1 6
T a b le  4 .1 .1 :  E lem en ta l com position  o f  D PM  from  X PS  ana ly s is
E lem e n t C o n c e n t r a t io n  (a t .% )
C 8 7 .0 3
O 11 .51
F e 0 .2 2
S 0 .7 9
S i 0 .3 1
A l 0 .1 3
T a b le  4 .1 .2 :  E lem en ta l com position  o f  coal d u s t from  X PS  ana ly s is
C , O , Fe , S and  Si w ere  d e tec ted  in  th e  DPM  sam ple. T hese  e lem en ts  h av e  p rev iou s ly  
been  d e tec ted  in  X PS  s tud ie s  on  veh ic le  exh au s t em iss io n s .2,3 L ik e  th e  p rev io u s  w o rk  th e  
m ajo r e lem en ts  in  the  D PM  w ere  C  and  O. T he  Fe  is lik e ly  to  o rig in a te  from  w ea r and  
co rro s ion  o f  th e  eng in e  and  exhau s t system s. T he  S is p ro b ab ly  from  S in  th e  fu e l, w h ich  
has b een  ox id ised  to  SO 2. T h e  Si cou ld  com e  from  o rg anom e ta llic  add itiv e s  in  th e  
lu b rica tin g  o il.4'6
T he  m a jo r e lem en ts  in  th e  coal d u s t w ere  a lso  C  and  O , as o b se rv ed  in  p rev io u s  w o rk .7' 11 
T he  F e  and  S a re  ex p ec ted  to  be  m a in ly  p re sen t from  py rite  (F eS 2). T h e  Si and  a lum in ium  
are lik e ly  to m a in ly  o rig in a te  from  c lay  m in era ls  such  as k ao lin ite , illite  and  sm ec tite . 
Q uartz  can  a lso  con trib u te  to  th e  Si con ten t. T he  carbon  c on ten t fo r  th e  DPM  w as 68 .8% , 
w h ich  is less th an  th e  87%  carbon  con ten t o f  th e  coa l du st. T h is  in d ica tes  th a t th e  D PM  
has a h ig h e r  o rgan ic  c on ten t than  th e  coal dust.
C u rve  fits  o f  th e  C l s  p eak  o f  D PM  and  coa l d u s t a re  show n  in  figu res  4 .1 .5  and  4 .1 .6  





















B i n d in g  E n e r g y  (e V )
F ig u r e  4 .1 .5 : C u rv e fit o f  an  th e  X PS  C l s  p eak  o f  DPM
B in d in g  E n e r g y  (e V )
F i g u r e  4 . 1 . 6 :  C u r v e f i t  o f  t h e  X P S  C l s  p e a k  o f  c o a l  d u s t
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C a r b o n  B o n d in g D P M  (a t .% ) C o a l D u s t  (a t .% )
C = C /C -C  ( s p 2) 70.7 28.9
C = C /C -C  (s p 3) 11.6 41 .4
c - o 11.8 29.7
c = o 5.8 0
T a b le  4 .1 .3 : B ond ing  com position  (a t.% ) o f  the C l s  p eak  o f  D PM  and  coa l du s t
F rom  th e  cu rv e fit o f  th e  C l s  p eak  o f  th e  D PM  and  coal d u s t it is e v id en t th a t th e  coal du st 
has a  m uch  la rg e r  p ro po rtio n  o f  sp3-bonded  ca rbon  a t 41 .4%  th an  th e  D PM  a t 11 .6% . T he  
re sp ec tiv e  sp2/sp 3 ra tio s  fo r  th e  DPM  and  coal d u s t w e re  6 .1 and  0 .7 . T h e  coal pa rtic le s  
a pp ea r to h ave  a  m uch  la rg e r p ropo rtio n  o f  th e ir  su rface  ca rbon s  b ond ed  to  oxygen  than  
the  DPM . T h is  m ay  be  in flu en ced  by  con tam in a tio n  from  th e  air. T h e  p re sen ce  o f  a b and  
above  291eV  ind ica ted  the p re sence  o f  un covered  p o ly a rom a tic  o r  g rap h ite - lik e  basic  
s tru c tu ra l un its  in  th e  su rface  reg ion s  o f  DPM .3
4 .2 . D i f f u s e  R e f le c t a n c e  I n f r a r e d  F o u r ie r  T r a n s f o rm  S p e c t r o s c o p y  (D R IF T S )  
4 .2 .1  I n t r o d u c t io n
In  th is  sec tion  D R IFTS  is u sed  fo r the id en tifica tion  o f  o rg an ic  fu n c tio n a l g roup s  and 
p o ssib le  m inera ls  in  th e  coal d u s t and  DPM  sam ples.
4 .2 .2  E x p e r im e n ta l
The  K B r d ilu ten t read ily  takes  up  w a te r and  o rg an ic s  from  th e  air. T h e re fo re , to  m in im ise  
th ese  e ffec ts , th e  K B r w as d ried  o v e rn igh t a t 400°C , th en  s to red  in  an  a ir tig h t d e ss ica to r. 
T he  in s trum en t w as sea led  and  con stan tly  p u rg ed  w ith  d ry  a ir  to m in im ise  c a rbon  d iox id e  
and  w a te r v apou r c o n trib u tio n s . D PM  and  coal d u s t sam p les  w ere  d ilu ted  to  5%  (by  
w e igh t)  in  K B r and  m ix ed  fo r  40  seconds, u s ing  an  aga te  p e s tle  and  m ortar. T h e  sam p le  
b e ing  ana ly sed  w as p laced  in  th e  sam p le  ho ld e r. A  D R IFTS  s tudy  w as p e rfo rm ed  u s ing  a 
M attson  Po la ris  FT IR  sp ec trom e te r equ ipped  w ith  a G raseby  Specac  “Selector™ ” DR IFT  
accesso ry .
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4 .2 .3  R e s u l t s  a n d  d is c u s s io n
A  DR IFTS  spec trum  o f  coal d u s t is show n  in figu re  4 .2 .1 . T he  a ttem p t to  o b ta in  a  
spec trum  o f  DPM  u sing  th e  sam e tech n iq u e  w as un successfu l due  to  th e  IR  ligh t b e in g  
strong ly  ad so rbed  by  th e  b la ck  sam ple . C arbonaceou s  m a te ria ls  a re  know n  to  s trong ly  
d isperse  IR  rad ia tio n , th u s  redu c ing  th e  signal re ach ing  th e  d e tec to r.12 So, 5%  D PM  in 
K B r m ay  h ave  been  too  concen tra ted . T he re fo re , th e  ex p erim en t w as  rep ea ted  w ith  th e  
D PM  d ilu ted  fu rth e r to  2 .5%  in  KB r. H ow eve r, a  sp ec trum  w as  s till n o t o b ta in ed  o f  th is  
sam ple . F rom  th e  X PS  ana ly s is  o f  D PM  and  coal d u s t th e  carbon  from  th e  D PM  w as 
estim ated  to  b e  71%  sp2-bonded , w he reas  th e  coal d u s t c a rbon  w as  es tim ated  to  b e  29%  
sp -bonded . I t  is know n  th a t sp  -b onded  carbon  m a te ria ls  ab so rb  rad ia tio n  m o re  re ad ily  
th an  sp3-bonded  carbon  m a te ria ls .13 T h is  m ay  exp la in  w hy  it w as  p o ss ib le  to  o b ta in  a  
spec trum  fo r th e  coa l d u s t and  n o t th e  DPM .
F ig u r e  4 .2 .1 : DR IFTS  spec trum  o f  5%  coal d u s t in K B r
S im ila r sp ec tra  to  figu re  4.2 .1 have  been  p rev iou s ly  ob ta in ed  from  th e  FT IR  an a ly s is  o f  
co a l.12,14' 17 T he  ass ignm en ts  fo r th e  bands in th e  sp ec trum  are  g iv en  in ta b le  4 .2 .1 .
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B a n d  P o s i t io n  (cm  l ) A ss ig nm e n t
3100 -3 0 0 0 A rom a tic  C -H  
s tre tch in g  m od e
3000 -2 7 5 0 A lip h a tic  C -H  
s tre tch in g
1600 A rom a tic  C =C
1450 -1410 , 8 80 -860 , 
7 2 0 -6 8 0
C arbon a te s  o r 
C -H  b en d in g
1100 -8 00 , 6 0 0 -4 00 S ilica te  m in e ra ls  o r 
C -H  b en d in g
900 -7 00 A rom a tic  b e n d in g  
m odes
T a b le  4 .2 . A ss ig nm en t o f  th e  b an d s  from  th e  D R IFT S  ana ly s is  o f  coa l d u s t
T he  DR IFT S  sp ec trum  o f  coal in  figu re  4 .2 .1  c lea rly  sh ow s  th a t  th e re  a re  a rom atic , 
a lip h a tic  an d  m inera l c om po u n d  p re sen t in  th e  coal d u s t, w h ich  w ere  n o t  d e te c ted  b y  th e  
R am an  ana ly sis . T h e re  a re  a  n um b e r  o f  p o s s ib le  re a so n s  fo r  th is . T h e  firs t re a so n  b e in g  
th a t IR  is m o re  s en s itiv e  to  o rg an ic  m a te ria ls  th an  R am an . I t  is a lso  p o s s ib le  th a t  th e  
in ten se  (re so n an ce  en h an ced ) D  and  G  b and s , d u e  to  th e  e lem en ta l ca rbon , m ay  m ask  
peaks p re sen t from  o rg an ic  m a tte r  o r  m in e ra ls . A no th e r p o ss ib ility  is th a t, in  th e  R am an  
ana ly sis , th e  h e a t from  th e  la se r m ay  h av e  b u rn ed  o f f  o rg an ic  m a te ria l d u rin g  th e  
ana ly sis , re su ltin g  in  n o  p eak s  b e in g  o b se rv ed  fo r th e se  com pound s .
4 .3  T h e rm o g r a v im e t r ic  A n a ly s is  (T G A )
4 .3 .1  In t r o d u c t io n
F rom  th e  R am an  ana ly s is  o f  co a l and  D PM  sam p les  (c h ap te r  5) it b e c am e  a p p a ren t th a t 
th e  sam p le  w ou ld  n e ed  to  b e  h ea t- tre a ted  b e fo re  R am an  an a ly s is , to  av o id  m o d if ic a tio n  
by  lo ca lised  h e a tin g  d u e  to  th e  la se r pow er. In  th is  s e c tio n  a  T G  an a ly s is  o f  b o th  th e  
D PM  and  co a l d u s t s am p les  a re  p e rfo rm ed  to  d e te rm in e  th e  p o ss ib le  sam p le  w e ig h t 
lo sses  th a t w ou ld  o c cu r  d u e  to  hea t- trea tm en ts .
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4 .3 .2  E x p e r im e n ta l
TGA  w as  pe rfo rm ed  on  7 .03m g  D PM  and  7 .16m g  coal d u s t sam p les  u s in g  a  M ettle r-  
T e lodo  TA 8000  th e rm oanaly se r. A  n itro g en  c a rrie r gas flow  o f  2 0 cm 3/m in  w as  
m ain ta in ed  th roughou t. Sam ples  w ere  firs tly  co nd itio n ed  a t 35°C  m in '1 fo r  15 m inu te s  in  
o rde r to  rem ove  phy siso rbed  com ponen ts  and  ob ta in  a  s tab le  w e igh t re ad ing . H ea tin g  o f  
th e  sam p le  w as  th en  in itia lised  a t a  ra te  o f  10°C  m in '1 up  to  800°C .
4 .3 .3  R e s u l t s  a n d  d is c u s s io n
The  TGA  and  d iffe ren tia ted  th e rm og rav im e tic  (D TG ) traces  a re  show n  fo r  D PM  and  coal 
d u s t in  fig u res  4 .3 .1  and  4 .3 .2  re spec tive ly .
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The  TGA  trace  fo r th e  coal show s th re e  general s tages  o f  w e igh t loss.
T hese  s tages  h ave  b een  p rev iou s ly  ob se rv ed  fo r TGA  s tud ie s  o f  c o a l18-21 and  c an  b e  
summ arised  as fo llow s:
1) B e low  200°C  -  lo ss  o f  th e  in te rlayer w a te r from  m in e ra ls  and  o th e r phy sica l changes  
such as  so ften ing  and  m o lecu la r rea rrangem en t a ssoc ia ted  w ith  th e  re lease  o f  gases.
2) 2 00  -  600°C  m ajo rity  o f  th e  ex trac tab le  o rgan ic  c o n ten t is  evo lv ed , (d evo la tisa tio n )
3 ) A bove  600°C  -  less  vo la tile  o rgan ic  com pounds  and  som e ino rgan ic  com pounds  a re  
evo lved ; fo r exam p le  th e  d ecom positio n  o f  ca rbona te  com pound s  (p e rh ap s  ca lc ite  and  
do lom ite )
C oal d u s t h ad  a  w e igh t lo ss  o f  app rox im ate ly  17%  and  th e  D PM  o f  app rox im a te ly  30% , 
w hen  h ea ted  to  800°C , show ing  th a t th e  D PM  has  a  m uch  g rea te r o rgan ic  c on ten t th an  th e  
coal dust. A  large  am oun t o f  w e igh t loss fo r th e  D PM  occu rred  b e tw een  200  and  600°C  
show ing  th a t  th e re  a re  a  lo t m o re  vo la tile  o rgan ic  com pound s  p re sen t in  th e  D PM  th an  
th e  coal dust.
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4 .4  X -R a y  F lu o r e s c e n c e  (X R F )  S p e c t r o m e t r y
4 .4 .1  I n t r o d u c t io n
In th is  sec tion  X R F  is  u sed  to  d e te rm in e  th e  q u an tity  o f  e lem en ta l ox id es  p re sen t in  a  coa l 
du s t sam p le . K yo tan i and  Iw a tsu k i22 h av e  p re sen ted  X R F  w o rk  on  D PM  sam p les  as sm all 
as 2 0 -3 0 p g  b u t recom m end  u sing  a t le as t 3 0 0 p g  o f  sam p le  fo r  re liab le  re su lts . H ow ever, 
th e ir  w o rk  in v o lv ed  a  leng thy  and  d iff icu lt sam p le  p rep a ra tio n  and  th e ir  te ch n iq u e  is 
b eyond  th e  c ap ab ilitie s  o f  th e  X R F  equ ipm en t u sed  he re . I f  w e  w ere  to  p e rfo rm  X R F  on 
D PM , u sing  o u r in s trum en t, w e w ou ld  requ ire  a  sam p le  in  th e  o rd e r  o f  lg ,  w h ich  w ou ld  
take  seve ra l d ay s  to  co llec t. T he re fo re , it w as d ec id ed  n o t to  p e rfo rm  an X R F  ana ly s is  on  
a D PM  sam ple .
4 .4 .2  E x p e r im e n ta l
l g  o f  coal d u s t w as m ade  up  to  1 lg  by  m ix ing  it w ith  lith ium -te trab o ra te  ( I ^ I ^ C b ) .  T he  
m ix tu re  w as fu sed  to g e th e r by  p lac ing  it in a p la tin um  p la te  and  h ea tin g  it to  1250°C  fo r 
10 m inu tes . T h is  fu s ion  m e thod  im p roves  th e  d e te rm in a tio n  o f  m in o r and  m a jo r e lem en ts  
becau se  m inera l spec ie s  a re  d isso lv ed  and  d isp e rsed  in  th e  d iffu sion  g la ss .23 T he  sam p le  
w as an a ly sed  u s ing  a w ave leng th  d isp e rs iv e  P h illip s  PW  2440  X R F  sp ec trom e te r, w ith  a 
4kW  R h  tu be  as a sou rce  and  sequen tia l d e tec tion .
4 .4 .3  R e su l t s  a n d  d is c u s s io n
O, M g , A l, Si, P , K , C a, Fe, S r, and  Ba. S w ere  d e tec ted  in  th e  co a l d u s t from  th e  X PS  
ana ly s is . H ow eve r, no  S w as d e tec ted  here . T h is  m ay  be  du e  to  th e  su lp h u r c om pound s  
b e ing  h ea ted  o f f  d u ring  th e  fu s ion  p rocess  as p y re tic  su lp hu r is k now  to  ev o lv e  a t a round  
550 °C .17 T he  d e tec ted  e lem en ts  h ave  p rev iou s ly  been  d e tec ted  in coal by  X R F .23'25 T he  
p re sen ce  o f  M g  m ay  b e  due  to  sm ec tite  and  ch lo rite . A l and  Si a re  p rim arily  a ttr ib u ted  to 
k ao lin ite  a lth ough  illite  and  pho sph a te  m in era ls  m ake  s ig n ific an t co n tr ib u tio n s  to  A l in 
som e  cases  and  qua rtz  can  co n trib u te  to the  Si con ten t. P  can  be  a ttr ib u ted  to  th e  p re sen ce
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o f  apa tite  o r o th e r  p ho spho ro u s  m in era ls . Illite  can  a lso  co n tr ib u ted  to  th e  K  p resen t. C a  
can be  co n trib u ted  to by  ca lc ite  and  apa tite . Fe  is m a in ly  con tro lled  by  py rite . H ow ever, 
c a rbona te  m in era ls  can  a lso  con trib u te  to  Fe  in coals . B a  and  S r a re  a sso c ia ted  w ith  
pho spho rou s  m in era ls .
T he  a tom ic  p e rcen tag e  c a lcu la ted  fo r  th e  ox id es  p re sen t in  th e  coal, as e s tim a ted  by  the 
Ph illip s  o x id e  p rog ram , is g iv en  in tab le  4 .4 .1 .
C om p o u n d C o n c e n t r a t io n  (a t .  % )
M gO 0 .09
AI20 3 1.35
S i 0 2 1.64
P 2O 5 0 .02
k 2o 0 .13
C aO 0.41
F e 2C>3 0 .64
S rO 0 .02
B aO 0 .06
T o ta l 4 .36
T a b le  4 .4 .1 : O x ide  con ten t (a tm . % ) o f  coal d u s t from  X R F  an a ly s is
T he  to ta l a tom ic  p e rcen tag e  o f  th e  ox id e  com pound s  w as 4 .3 6%  w h ich  in d ica tes  th a t th e  
coal d u s t con ta in s  o v e r  95 .5%  e lem en ta l carbon . T he  carbon  con ten t o f  th e  coal d u s t as 
ca lcu la ted  by  X PS  in  sec tion  4 .1 w as 87% . H ow ever, X PS  is a su rface  m e thod  w hereas  
X R F  m easu re s  th e  b u lk  o f  th e  sam ple . T h is  ind ica tes  th a t th e  b u lk  o f  th e  coa l d u s t has a 
d iffe ren t com po sitio n  th an  th e  su rface  layer. A lso , th e  coa l d u s t sam p le  w as h ea ted  to 
1250°C  du ring  th e  X R F  fu s ion  p ro cess . T h is  w ou ld  h av e  rem oved  any  vo la tile  o rg an ic s  
p re sen t in  th e  coal du st. T here fo re , th e  p e rcen tag e  o f  c a rbon  in  th e  o rig in a l co a l d u s t 
sam p le  (b e fo re  b e ing  h ea ted ) w ou ld  h ave  b een  le ss  th an  th e  95 .5%  e s tim a ted  here .
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4 .5  S c a n n in g  E le c t r o n  M ic r o s c o p y  (S E M )
4 .5 .1  I n t r o d u c t io n
In th is  sec tion  SEM  im ages w ere  ob ta in ed  o f  m ix tu re  coal d u s t and  D PM  sam p les  on  
qua rtz  fib re  f ilte r  sub stra te s  to  in v es tig a te  th e  d is trib u tio n  o f  th e  sam p les  w h ich  w ere  to  
be  an a ly sed  by  R am an  m ic ro scopy .
4 .5 .2  E x p e r im e n ta l
A  sam p le  w ith  a  m ix tu re  o f  1 60pg  D PM  and  2 3 5 p g  coa l du st, c o lle c ted  on  a q u a rtz  fib re  
filte r, w as go ld  co a ted  to  p rom o te  conduc tio n  o f  e lec tron s  as b o th  th e  sam p le  and  
sub stra te  w e re  know  to  be  in su la to rs .26 The  co a ted  sam p le  w as m oun ted  on to  a sam p le  
h o ld e r  and  p laced  in  the  sam p le  ch am ber o f  a  JEO L  JX A -840A  SEM  in s trum en t. SEM  
im ages w ere  taken  o f  th e  sam p le  u sing  15KV  acce le ra tio n  v o ltag e , 3 x lO '9I p ro b e  cu rren t 
and  a seconda ry  e lec tron  d e tec tio n  system .
4 .5 .3  R e s u l t s  a n d  d is c u s s io n
SEM  im ages  o f  a m ix tu re  160 jig  D PM  and 235jug coa l d u s t sam p le  on  a  q u a rtz  f ib re  filte r  
a re  show n  in  figu res  4 .5 .1  th rough  4 .5 .4 .
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F i g  4 . 5 . 3 :  S E M  im a g e  o f  c o a l  d u s t ( 2 3 5 j j ,g )  a n d  D P M ( 1 6 0 | - i g )  o n  a  q u a r t z  f i b r e  f i l t e r
1 0 1
F rom  th e  SEM  im ages w e  can  see  th a t th e  m ix tu re  sam p les  a re  h igh ly  h e te rog eneou s . 
The  w h ite  ‘f lu f fy ’ pa rtic le s  co rre spond  to  th e  D PM  and  th e  d a rk e r m o re  s tru c tu ra l 
p a rtic le s  c o rre spond  to  th e  coal dust. T h e  qu a rtz  fib re  filte rs  a re  a lso  v is ib le , w h ich  
show s th a t th e  sub s tra te  is n o t com p le te ly  covered . In  im age  4 .5 .1  w e  can  see  th a t th e  
sub s tra te  is n o t f la t and  th e  w oven  s tru c tu re  o f  th e  q u a rtz  fib res  is  c lea rly  v is ib le . A s 
R am an  is a su rface  techn iq u e  th is  a ffec ts  th e  sp ec tra  co llec ted  on  d iffe ren t a reas  o f  the 
sam ple . A lth ough  th e  m a jo rity  o f  in d iv idu a l D PM  p a rtic le s  a re  k n ow n  to  b e  in  th e  
n anom e te r ran g e27 accum u la ted  D PM  p a rtic le s  o f  th e  o rd e r o f  5 0 pm  w e re  o b se rv ed  here. 
It is p o ssib le  th a t th e  accum u la ted  D PM  pa rtic le s  show n  in  fig u re  4 .5 .4  m ay  be  
su rround ing  a coa l d u s t p a rtic le . The  coal d u s t p a rtic le s  th em se lv es  ap p ea r to  ra n g e  in 
size  from  a few  pm  to  a round  25 -3 0pm . B o th  th e  D PM  and  coa l d u s t a p p ea r  to  be  
u n even ly  d is trib u ted  on  th e  filter . H ow ever, in  figu res  5 .4 .2  and  5 .4 .3  th e re  a re  ce rta in  
a reas  b e tw een  th e  coal d u s t p a rtic le s  and  th e  la rg e  agg lom era tes  o f  D PM  w he re  th e  
sub stra te  appears  to  be  covered . These  a reas  a re  lik e ly  to  be  ta k en  up  by  v e ry  f in e  D PM  
partic le s , w h ich  show s, ap a rt from  th e  la rg e  agg lom era tes , th a t th e  D PM  is m o re  even ly  
d is trib u ted  on  th e  filte r, th an  th e  coal dust. W hen  p e rfo rm ing  a  R am an  an a ly s is  o f  th e  
sam p les  on  th ese  filte rs  th e  sam p le  a rea  can  rang e  from  1pm  to  3 0pm . T he re fo re , it cou ld  
p rove  very  d iff icu lt to  c o lle c t rep ro du c ib le  sp ec tra  i f  sam p ling  d iffe ren t p o in ts  on  th e  
filter. T h is  h e te rog ene ity  has  p ro found  im p lica tion s  fo r  the  an a ly s is  o f  D PM  and  coa l dust 
m ix tu res  u s in g  R am an  m ic ro scopy .
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C h ap ter
5
M u lt iv a r ia te  A n a ly s is
o f
C a rb on  P a r t ic le s  
fr om
D PM  an d  C oa l D u s t
5 . M u lt iv a r ia t e  A n a ly s is  o f  C a r b o n  P a r t ic le s  fr om  D P M  a n d  C o a l D u s t
5 .1  I n t r o d u c t io n
The p rin c ip a l a im  o f  th e  p re sen t w o rk  is  th e  d ev e lopm en t o f  a  R am an  spec tro scopy -b ased  
m e thod  to  ana ly se  carbon  p a rticu la te s  in  m ix tu re s  p roduced  from  D PM  and  coal du st.
T he  R am an  sp ec tra  o f  sepa ra te  D PM  and  coal d u s t sam p les  a re  v e ry  s im ila r  and  it  is 
expec ted  th a t fe a tu res  due  to  each  co n stitu en t th e  m ix tu re  sam p les  w ill s trong ly  overlap . 
T h is  m akes  it v e ry  d iff icu lt to  de te rm ine  th e  am oun t o f  each  com ponen t in  an  unknow n  
m ix tu re  sam ple . P artia l L ea s t Squares  (PLS ) is  a  q u an tita tiv e  m e thod , w h ich  p red ic ts  th e  
am oun t o f  e ach  co n stitu en t b y  tak ing  advan tage  o f  th e  co rre la tio n  re la tio n sh ip  th a t 
a lready  ex is ts  b e tw een  th e  spec tra l d a ta  and  th e  co n stitu en t concen tra tion s . A  range  o f  
m ix tu re  sam p les  w ith  d iffe ren t am oun ts  o f  D PM  and  coal d u s t w ill b e  p roduced  an d  a  
PLS m ode l con stru c ted  u s ing  R am an  sp ec tra  o f  th e se  k now n  m ix tu re  sam p les . Th is  
m odel can th en  be  u sed  to  p red ic t th e  am oun t o f  D PM  and  coal d u s t p re sen t, from  th e  
spec tra , o f  unknow n  m ix tu re  sam ples.
A  da ta  se t o f  R am an  spec tra  w ith  h igh ly  rep roduc ib le  spec tra l shapes and  in ten s itie s  is 
e ssen tia l to  p roduce  a  PLS m ode l th a t c an  re liab ly  p red ic t th e  am oun t o f  D PM  and  coal 
d u s t in  a  m ix tu re  sam ple . O p tim isa tio n  o f  in s trum en ta l p a ram ete rs  is in h e ren t to  
co llec tin g  th e  m o st rep roduc ib le  sp ec tra  p o ssib le . The  im po rtan t in s trum en ta l p a ram e te rs  
h e re  b e ing  la se r pow er, m ic ro scop e  ob jec tiv e  and  scan  tim e . In ves tig a tion  o f  th e  e ffec ts  
o f  sam p le  trea tm en ts , such  as  heating , is a lso  im po rtan t. T h e  d ev e lopm en t o f  a  PLS 
m odel invo lv es  th e  p roduc tio n  and  ana ly s is  o f  a  range  o f  m ix tu re  sam p les  w ith  k now n  
am oun ts  o f  D PM  and  coal du s t. P roduc tion  o f  th e  m ix tu re  sam p les  fo r  th e  p re sen t w o rk  
w as  a  non -triv ia l p ro cess  and  is d iscu ssed  la te r in  th is  chap te r. H ence , th e  u se  o f  
ind iv idua l PLS m ode ls  to  investig a te  th e  e ffec t o f  each  p a ram e te r ch ange  o r  sam p le  
trea tm en t w ou ld  invo lv e  a  con sid e rab le  am oun t o f  e ffo rt. There fo re , it w as  d esirab le  to  
u se  a  le ss  com p lica ted  m ethod , w he re  po ssib le , fo r in vestig a ting  th e  e ffec ts  o f  p a ram e te r  
changes. P r in c ip le  com ponen t analy sis  (PCA ) is a  q ua lita tiv e  ch em om etric  m e thod  fo r 
w h ich  spec tra l a reas  a re  u sua lly  no rm alised  to  avo id  any  in flu ence  on  th e  ana ly sis . F rom
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th e  PCA  sco res  p lo ts  o f  rep lica te  sp ec tra  o f  th e  sam e sam p le  it is p o ss ib le  to  d e te rm in e  
h ow  s im ila r th e  rep lica te  sp ec tra  sh apes  are . E ssen tia lly , th e  c lo se r th e  sco res  a re  
c lu ste red  to g e th e r  th e  m o re  s im ila r th e  sp ec tra  are. Th is  m e th od  can  be  u sed  to  d irec tly  
com pare  th e  rep roduc ib ility  o f  spec tra l d a ta  be fo re  and  a fte r  th e  app lica tio n  o f  th e  
p a ram e te r change  o r  sam p le  tre a tm en t a nd  does  no t, u n lik e  PLS , requ ire  a  range  o f  
sam p les  w ith  k n ow  concen tra tion s . PCA  h as  been  u sed  th ro ughou t th e  p re sen t s tu dy  to  do  
exac tly  th is . I t  h a s  been  u sed  fo r m ix tu re  D PM  and  coa l d u s t sam p les  b u t a lso  fo r 
in d iv idua l con stitu en t sam p les , w h ich  avo id ed  th e  n ece ss ity  to  p roduce  ex tra  m ix tu re  
sam p les  fo r  th e  in vestig a tion  o f  th e  e ffec ts  o f  d e stru c tiv e  sam p le  tre a tm en ts  such  as 
heating . T he  in vestig a tion  o f  in d iv idua l D PM  and  coal d u s t sam p les  w as  a lso  u sefu l to  
de te rm in e  i f  th e  p a ram e te r changes  and  sam p le  trea tm en ts  h ad  s im ila r o r  d iffe ren t e ffec ts  
on  each  con stitu en t. PCA  ca lcu la tio n s  a re  p e rfo rm ed  w ith o u t con sid e rin g  in ten s ity  da ta . 
So, in d ep enden t m easu rem en ts  o f  in teg ra ted  spec tra l a reas  o f  rep lica te  sp ec tra  can  b e  
u sed  to  de te rm ine  th e  rep roduc ib ility  o f  th e ir  spec tra l in ten s itie s . It fo llow s th a t i f  b o th  
th e  spec tra l shapes and  in ten s itie s  h av e  h ig h  rep roduc ib ility  (de te rm in ed  re sp ec tiv e ly  by  
PCA  and  in teg ra ted  spec tra l a re as) th a t sp ec tra  o f  m ix tu re  sam p les  co llec ted  u n d e r  th e  
sam e cond itio n s  shou ld  g iv e  re liab le  re su lts , w hen  u sed  fo r a  PLS m odel.
5 .2  M u lt iv a r ia t e  a n a ly s is
H ere  it is a ttem p ted  to  g iv e  a  b r ie f  in tro du c tio n  to  m u ltiv a ria te  analy sis , w h a t i t is , w h a t it 
is u sed  fo r  and  h ow  it w o rk s . F o r a  m o re  com p reh en siv e  tre a tm en t o f  
m u ltiv a ria te /ch em om etric  p rin c ip a ls  and  te ch n iq u es  th e  re ad e r  is  re fe rred  to  O tto 1.
L oose ly  tran s la ted  chem om etrics  is  comm on ly  und e rs to od  as  th e  u se  o f  lin ea r a lg eb ra ic  
m e thod s  to  m ake  q u a lita tiv e  and  quan tita tiv e  m easu rem en ts  o f  chem ica l d a ta  su ch  as 
spectra . The  app lica tio n  o f  th is  m e thod  is b e s t u nd e rs to od  i f  w e  co n sid e r  th e  d a ta  o u tp u t 
from  th e  R am an  in s trum en t to  be  a  v a rie ty  o f  p ro file s . A  m easu rem en t o f  a  p ro p e rty  o r  
‘v a ria te ’ (i.e . cm '1) a  s in g le  spec im en  expe rim en t is  c a lled  an  ob se rv a tion . A  s in g le  
experim en ta l o b se rva tion  (i.e . a  R am an  spec trum ) is com prised  o f  a  la rg e  n um be r o f  
d isc re te  d a ta  v a lu es . A  com p le te  e x p erim en t genera lly  com prises  o b se rv a tio n s  th a t a re
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m ultiv a ria te  (i.e . m u ltip le  frequenc ies  200-4000cm "1). Som etim es, d iffe ren t con stitu en ts  
re su lt in  v e ry  s im ila r sp ec tra , and  th e re  m ay  on ly  be  sub tle  d iffe ren ces  b e tw een  th e ir  
m easu rem en ts . I t  is n o t p o ss ib le  to  d irec tly  app ly  m any  o f  th e  trad itio n a l m e thod s  o f  
s ta tis tica l ana ly s is  to  d a ta  o f  th is  k ind . H ow ever, th e re  a re  chem om etric  app roaches  th a t 
a re  e sp ec ia lly  u sefu l fo r d ea lin g  w ith  su ch  da ta . These  a re  k now n  as  d a ta  
c om press ion /p ro jec tion  te chn iqu es . T he  m a in  goal o f  d a ta  com p ress ion /p ro jec tio n  is to  
tran sfo rm  a  d a ta  se t com p ris in g  a  la rg e  n um be r o f  in te r-co rre la ted  v a ria te s  in to  a  n ew  
unco rre la ted  (o r n ea rly  so ) and  o rd e red  d a ta  set, w h ich  con ta in s  m o s t o f  th e  s ign ifican t 
in fo rm ation  th a t w as  sp read  acro ss  th e  o rig in a l v a ria te s  (frequenc ies).2'3
O ne  su ch  d a ta  p ro je c tio n  m e thod  is  P rin c ip a l C om ponen t A na ly sis  (PCA ). PCA  
decom poses  a  se t o f  d a ta  in to  separa te  signal a  n o ise  p a rts . T h e  d a ta  is p re sen ted  as  a  
m a trix , w ith  o n e  row  fo r each  ob jec t (eg . a  sam ple , an  ex p erim en t o r  a  s ta te ) and  one  
co lum n  fo r each  v a ria te  (m easu rem en t) . T he  re su ltin g  m ode l de sc rib es  th e  s tru c tu re  in  th e  
d a ta  in te rm s o f  sam p le  p a tte rn s  and  v a ria te  re la tion sh ip s . PCA  is u sed  fo r  da ta  
exp lo ra tion  and  c la ss ifica tion . P a rtia l L ea s t Squares (PLS ) is  an  a lte rn a tiv e  reg re ss ion  
m ethod , w h ich  d ecom poses  th e  X  (v a ria te s) m a trix  gu id ed  by  th e  s tru c tu re  in  Y  (R am an  
in tensity ), and  th u s  fo cu ses  v e ry  h a rd  on  p red ic tio n  m ode llin g  o f  Y . PLS can  b e  u sed  fo r 
exp lo ra tion , c la ss ifica tion , reg re ss ion  and  p red ic tion . Comm on  fo r bo th  m e thod s  is  th a t 
sy stem atic  v a ria tio n s  in  th e  d a ta  are  found  th rough  p ro je c tio n  and  m ode llin g  o f  v a rian ce  
and  cov arian ce  s tru c tu re  o f  th e  d a ta  m atric es.
T he  d irec tion  o f  th e  la rg est v a ria tio n s  in  th e  m u ltid im en sion a l d a ta  sp ace  is  found  and  a  
n ew  coo rd in a te  ax is  in  th is  d irec tion  (the  f irs t p rin c ip a l c om ponen t (PC )) is d e te rm ined . 
T hen  th e  d irec tion  o f  th e  second  la rg est v a ria tio n s  in  th e  m u ltid im en tio n a l d a ta  sp ace  is 
found  and  a  new , second  coo rd in a te  (th e  second  PC ) o rth ogona l to  th e  firs t PC , is 
d e te rm in ed . F u rth e r PC s a re  found  in  a  s im ila r w ay , u n til a ll sy stem atic  v a ria tio n  has  
been  desc rib ed . T he  PC s m ay  be  seen  a s  a  tran sfo rm ed  coo rd in a te  system  con sis tin g  o f  
few er d im ension s  th an  th e  o rig ina l v a riab le  system . O ften  tw o  o r th re e  PC s a re  en ough  to  
d esc rib e  th e  m a in  v a ria tio n s  in  th e  da ta . F o r  PLS p rin c ip a l com ponen ts  a re  u su a lly  ca lled  
PLS -fac to rs .
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The  p ro je c tio n s  o f  th e  sam p les  on to  th e  PC  a re  d e fin ed  as sco res, w h ich  d isp lay  th e  
sam p le  p a tte rn s  in th e  d a ta . T he  re la tio n sh ip s  b e tw een  th e  orig inal v a ria te s  and  th e  n ew  
PC s a re  exp re ssed  by  lo ad ings. L oad ing s  d isp lay  v a ria te  co rre la tion s. Sco res  a re  s im p ly  
th e  sam p le  coo rd in a tes  in  th e  n ew  coo rd in a te  system , w h ile  load ings a re  th e  d ire c tio n s  o f  
th e  n ew  axes  re la tiv e  to  th e  o rig in a l coo rd in a te  system . The  re s idua ls  a re  th e  d iffe ren ces  
be tw een  th e  rea l sam p le  po s itio n s  in  th e  o ld  system  and  th e  p ro jec ted  p o s itio n s . T he  
sco res /fac to rs  a re  o rd e red  so  th a t th e  f irs t few  con ta in  m o s t o f  th e  v a rian ce  th a t w as  
shared  am ong st th e  o rig ina l v a ria te s  and  redu ces  th e  d a ta  se t to  a  m o re  m anageab le  
n um be r o f  va ria te s . B ecau se  th e  d a ta  a re  n ow  unco rre la ted , p a tte rn s  o r g roup s  o f  
ob se rv a tio n s  m ay  be  rev ea led  w h ich  w ere  n o t ap p aren t from  th e  o rig in a l d a ta .
O ne  o f  th e  m o s t d iff icu lt ta sk s  in  u s in g  PLS  is  d e te rm in ing  th e  co rrec t n um be r o f  fac to rs  
to  u se  fo r  th e  m ode l.2 A s  m o re  and  m o re  fac to rs  a re  ca lcu la ted , th ey  a re  o rd e red  b y  th e  
deg ree  o f  im po rtance  to  th e  m odel. E ven tu a lly , th e  fac to rs  w ill b eg in  to  m ode l th e  sy stem  
no ise . The  ea rlie r  fac to rs  in th e  m odel a re  m o s t lik e ly  to  b e  re la ted  to  th e  co n s titu en ts  o f  
in te rest. L a te r fac to rs  g enera lly  h ave  le ss  u sefu l in fo rm ation  fo r p red ic tin g  concen tra tio n . 
In  fac t, i f  th e se  fac to rs  a re  in c luded  in  th e  m ode l, th e  p red ic tion s  can  ac tu a lly  b e  w o rse  
th an  i f  th ey  w ere  igno red  a ltoge th er. M ode ls  th a t in c lude  m o re  fac to rs  th an  a re  rea lly  
n ecessa ry  to  p red ic t th e  co n stitu en t co n cen tra tio n s  a re  ca lled  o v e r fitted  m ode ls . M ode ls  
th a t do  n o t u se  enough  fac to rs  a re  k n ow n  as u n d e r fitted  m ode ls . T he re  a re  m any  m e th od s  
fo r d e te rm in ing  th e  co rrec t am oun t o f  fac to rs  b u t th e re  is  on ly  one  m e thod  u sed  in  th is  
cu rren t w o rk . T h is  is ca lled  c ro ss-v a lid a tion . S im p ly  exp la in ed  c ro ss-v a lid a tio n  in vo lv e s  
rem ov ing  a  sp ec trum  (o r a  g roup  o f  spec tra ) from  th e  tra in in g  d a ta  se t and  u s ing  th e  
rem a in ing  d a ta  in  th e  tra in in g  se t to  p red ic t its  concen tra tion . The  p red ic ted  sp ec trum  is 
th en  re tu rn ed  to  th e  tra in ing  d a ta  and  th e  n ex t sp ec trum  (g roup ) is p red ic ted . T h is  is 
rep ea ted  un til all th e  d a ta  h a s  b een  p red ic ted . U sin g  th e  d iffe rence  b e tw een  th e  p red ic ted  
v a lu e  and  th e  know n  va lu e , fo r each  spec trum , a  P red ic ted  R esidu a l E rro r  Sum  o f  
Squares (PRESS ) va lu e  is ca lcu la ted  fo r each  fac to r. U su a lly  th e  n um be r o f  fac to rs  th a t 
re su lts  in  th e  sm alles t PR ESS  va lu e  is  d e te rm ined  to  b e  n um be r o f  fac to rs  to  b e  u sed  fo r  
th e  m ode l.
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5 .3  R am a n  M ic r o s c o p ic  A n a ly s i s  o f  C a r b o n  P a r t ic le s  fr om  C o a l D u s t  a n d  D P M
5 .3 .1  S in g le  C om p o n e n t  C a l ib r a t io n  P lo t s  U s in g  I n t e g r a t e d  S p e c t r a l A r e a s
5 .3 .1 .1  I n t r o d u c t io n
The expo su re  lim its  fo r  e lem en ta l c a rbon  (EC ) from  D PM  in  coal m in es  w as  d iscu ssed  in 
ch ap te r 1. There  is n o  lega l lim it in  th e  U K  due  to  th e re  b e ing  no  re liab le  m e thod  fo r 
d e te rm in ing  th e  d iffe rence  be tw een  EC  from  D PM  and  coal du st. H ow ever, th e  G erm an  
occupa tiona l expo su re  lim it o f  0.1 m g /m 3 (1 00pg /m 3) is  u sed  as  a  gu id e lin e . The 
d eve lopm en t o f  a  m e thod  fo r  m on ito rin g  o ccupa tiona l expo su re  requ ire s  th e  c ap ab ility  o f  
m easu ring  dow n  to  five  tim es  low er and  u p  to  tw o  tim es  h igh e r th an  th e  expo su re  lim it. 
So, in  th is  case , it is requ ired  to  d eve lop  a  m e thod  th a t can  de te rm ine  EC , from  D PM , in  
th e  range  o f  20  to  2 00pg . In  th is  sec tion  separa te  sam p les  w ith  a  range  o f  d iffe ren t 
load ings o f  D PM  and  coal d u s t a re  ana ly sed  u s ing  R am an  m ic ro scopy  to  d e te rm in e  th e  
lin ea r range  o f  th e  techn ique . T he  sam p les  u sed  in  th is  th e s is  w e re  co llec ted  on  q u a rtz  
fib re  filte rs  o f  2 .5 cm  in  d iam ete r. A s  s ta ted  earlier, th e se  sam p les  ap p ea r  to  be  h igh ly  
he te rogeneous. T he  rep roduc ib ility  o f  in teg ra ted  a reas  o f  sp ec tra  tak en  a t d iffe ren t p o in ts  
on  th e  2 .5 cm  filte rs  is a lso  in vestig a ted .
5 .3 .1 .2  E x p e r im e n ta l
Separa te  D PM  and  coal d u s t sam p les  w e re  co llec ted  on  qu a rtz  fib re  filte rs  u s ing  a  m u lti-  
p o rt a ir-sam p ling  d ev ice  k now  as a  “ Spu tn ik” . A  schem atic  d iag ram  o f  th e  sam p ling  rig  
is show n  in figu re  5 .3 .1 . Th is  system  h as  p rev iou s ly  b een  u sed  to  co lle c t d u s t sam p les  
w ith  v e ry  h igh  accu racy  and  p rec is io n .4
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F ig  5 .3 .1 :  Schem atic  c ro ss-sec tion  o f  S pu tn ik  m u lti-p o rt sam p le r4
The  am oun t o f  m a te ria l on  th e  filte r  is  know n  as  th e  load ing . T h is  te rm  w ill b e  u sed  
th roughou t th e  p re sen t repo rt. I t  w as  dec id ed , to  g e t a  rea son ab le  e stim a tio n  o f  th e  
rep roduc ib ility  o f  m easu rem en ts  on  a  sam p le , th a t a  m in im um  o f  10 “rep lica te”  sp ec tra  o f  
each sam p le  w as  requ ired . The  w o rd  “rep lic a te ” w arran ts  a  p rec ise  d e fin itio n  to  avo id  
con fu s ion  as  its  ex ac t m ean ing  depend s  on  th e  d if fe ren t types  o f  exp erim en ts  c a rried  ou t 
th roughou t th is  th esis . In  th is  sec tion  10 d iffe ren t sp ec tra  (each  one  tak en  a t a d iffe ren t 
p o in t o n  th e  filte r) w e re  ta k en  o f  a  sam p le , u s in g  th e  sam e in s trum en t p a ram e te rs  fo r  each  
spec trum . E ach  sp ec trum  is con sid e red  to  be  a  “rep lic a te ” analy sis  o f  th e  sam ple .
The  filte rs  w e re  2 .5 cm  in  d iam e te r and  th e  la se r sp o t s ize  ranged  from  l-3 0 pm .
T here fo re , 10 d iffe ren t scan s analy se  a  v e ry  sm all p ro po rtio n  o f  th e  w ho le  sam p le . 
H ow ever, it  w as  n ecessa ry  to  sy stem atica lly  ana ly se  th e  sam p les  so  th a t th e  10 d iffe ren t 
scans gave  th e  b e s t po ss ib le  rep re sen ta tio n  o f  th e  w ho le  sam ple . Th is  w as  a ch iev ed  by  
firstly  im ag in ing  th e  f ilte r  to  b e  in  fo u r qua rte rs . T hese  fo u r qua rte rs  w ere  th en  separa ted  
in to  inner, m idd le  and  o u te r  sec tions. 2  sp ec tra  w ere  ta k en  in  th e  inner sec tion  and  1 
spec trum  is tak en  in a  m idd le  and  ou te r sec tion  o f  each  quarte r. These  add  up  to  10 
rep lica te  spec tra , p e r  sam ple , in  to ta l. The  a reas  from  w h ich  each  sp ec trum  w as  tak en  on 
th e  filte r  is show n  in figu re  5 .3 .2 . Some o f  th e  exp erim en ts  to  fo llow  w ill u se  th e  sam e  
sam p ling  c rite ria  and  th e  te rm  rep lica te  w ill b e  s im ila r to  here . O th e r exp erim en ts  w ill
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investig a te  th e  e ffec ts  o f  o th e r  m e thod s  o f  sam p le  ana ly s is , w h ich  w ill change  th e  m anner 
th a t each  rep lica te  spec trum  is co llec ted . H ow ever, th is  w ill b e  c lea rly  exp la in ed  in  th e  
experim en ta l sec tion  o f  each  p a rtic u la r  experim en t.
F ig u r e  5 .3 .2 : 10 d iffe ren t sam p le  a reas  on  th e  filte rs
R am an  m ic ro scop ic  ana ly s is  w as  pe rfo rm ed  on  a  co llec tio n  o f  filte rs  w ith  a  range  o f  
separa te  coal d u s t and  D PM  load ings. The  lo ad ings fo r  th e  sam p les  ana ly sed  a re  show n  
in  tab le s  5 .3 .1 and  5 .3 .2 . Id ea lly  sam p les  w ith  s im ila r lo ad ing s  o f  coal and  D PM  shou ld  
have  b een  analy sed . H ow ever, th e  sam p les  w ere  p rep a red  by  a  th ird  p a rty  b e fo re  th e  
p ro je c t s ta rted . So, th e  av a ilab le  sam p les  w ere  analy sed . The  p a ram ete rs  u sed  fo r  a ll th e  
sam p les  w e re  250  seconds scan  tim e , x 50  ob jec tiv e  and  th e  25mW  633nm  lase r a t 10%  
pow er, u s in g  th e  9 0 0 cm '1 to  1900cm '1 spec tra l range . T hese  p a ram ete rs  w e re  cho sen  
b ecau se  th e  250 s  scan  tim e  re su lted  in  an  app rox im a te ly  15 m inu te  acqu is itio n  tim e , th e  
x50  ob jec tiv e  has a  low  re frac tiv e  index , re su ltin g  in  a  la rg e  p ropo rtio n  o f  th e  sca tte red  
lig h t b e ing  co llec ted  b ack  up  th e  m ic ro scope . 10%  la se r p ow e r w as  u sed  to  he lp  p rev en t 
sam p le  h ea ting  due  to  th e  la se r be ing  fo cu sed  on to  app rox im a te ly  a  2 pm  spo t w ith  th e  
x50  ob jec tiv e .
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T a b le  5 .3 .1 : Coal L oad ings T a b le  5 .3 .2 : D PM  Load ings
5 .3 .1 .3  R e s u l ts  a n d  D is c u s s io n
Exam ple  spec tra  o f  pu re  coal du st (318pg  loading ) and  DPM (313jug load ing ) are show n 
in  spec tra  5.3.1 and 5 .3 .2  respec tive ly .
S p e c t r u m  5 .3 .1 : 318pg  coal dust, 250s scan  tim e, x50ob j, 25mW  663nm  la se r at 10%
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S p e c t r u m  5 .3 .2 : 313pg  D PM , 250s scan  tim e, x50ob j, 2 5mW  663nm  lase r at 10%
The average  in teg ra ted  spec tral areas  and the standard  d ev ia tion  fo r 10 rep lic a te  spec tra  
o f  each D PM  and coal sam ple  are show n in tables  5 .3.3 and  5 .3 .4  respec tive ly . The  p lo ts  
o f  the in teg ra ted  spectra l areas  for each  rep lic a te  spec trum  versu s th e  sam p le  lo ad ings o f  
th e  D PM  and coal dus t are re spec tiv e ly  show n  in  g raphs 5.3.1 and 5 .3 .2.
F i l te r D PM  L o a d in g  (p ) A v e ra g e  I n t e g r a t e d  A r e a S t a n d a r d  D e v ia t io n  (% )
1 39 639084 41 .6
2 73 807332 37.3
3 211 1150258 22 .4
4 313 1496049 19.7
5 405 1263335 14.6
6 511 1604689 16.8
T a b le  5 .3 .3 : average  in teg ra ted  spec tral areas  anc standard  d ev ia tion
for D PM  spectra
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Graph 5 .3 .1 : D PM  lo a d in g s  vs  in te g ra te d  s p e c tra l a re a s
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F i l t e r C o a l  L o a d in g  (p ) A v e ra g e  I n t e g r a t e d  A r e a S ta n d a r d  D e v ia t io n  (% )
1 109 5134183 39 .9
2 318 7968761 13.1
3 486 8981387 10.7
4 702 8912654 24.3
5 1010 8531121 18.1
6 1314 7426244 18.1
T a b le  5 .3 .4 : average  in teg ra ted  spec tra l areas  anc standard  d ev ia tio n
for coal dust spec tra
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Graph 5.3.2: C o a l d u s t  lo a d in g s  v s  in te g ra te d  
s p e c tra l a re a s
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F rom  the D PM  load ing  versu s in teg ra ted  spec tral areas  p lo t (g raph  5 .3 .1 ) w e  can  see tha t 
th ere  are la rge  d iffe rences  in  the  in teg ra ted  spec tra l areas  fo r th e  10 rep lica te  spec tra  o f  
each sam ple . In  fact, th e  standard  dev ia tion  o f  spec tral areas  ranges from  41 .6%  fo r th e  
39pg  sam ple  to 14.6%  for th e  405pg  sample. There  appears to be  a  lin ear re la tion sh ip  
b e tw een  th e  sam p le  load ing  and  the spec tral areas, in th e  39pg  to  51 lp g  to ta l D PM  
load ing  range. The p ropo rtion  o f  EC  in  th e  DPM  was unknow n  at th is  s tage b u t a typ ica l 
D PM  sam ple  has  b e tw een  40 and 60%  EC .5 The re fo re , th e  3 9pg  sam p le  w ou ld  h ave  an  
expected  EC  con ten t o f  be tw een  15.6 and  23 .4pg  and  the  51 lp g  sam p le  w ou ld  con ta in
204.4  to  306 .6 pg  EC . Th is  ind ica te s tha t th e  techn ique  has  th e  po ten tia l to  d e te rm in e  EC  
from  DPM  in  the  requ ired  range  o f  20 to 200pm . H ow ever, i f  a  re liab le  PLS  m ode l w as 
to  be  p roduced  an  im provem en t in  the rep roduc ib ility  o f  th e  in teg ra ted  spectra l areas 
w ou ld  be  requ ired .
The coal dust p lo t reaches a p la teau  at a round  500pg . Th is  ind ica tes  at lo ad ings above  
th is  leve l w e are ju s t  p iling  layers o f  coal dust on  top o f  each  o th e r and  th e  filte r  h as  
e ffec tive ly  b ecom e sa turated . A s a resu lt o f  th is, lo ad ings  o f  g rea te r th an  500pg  a re  
ou tside  the  lin ear range  o f  the techn ique. The re fo re , w hen  p roduc ing  m ix tu re  s tanda rd s
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fo r  a  PL S  m o d e l it  w ill  b e  n e c e s s a ry  to  k e ep  th e  to ta l sam p le  w e ig h t to  le s s  th a n  5 0 0 p g  to  
a v o id  th is  p ro b lem . A lso , th is  te ch n iq u e  c an  n o t b e  u s ed  fo r  d e te rm in in g  D PM  in  th e  
p re s e n c e  o f  h ig h  lo a d in g s  o f  c o a l (> 5 0 0 p g )  e v en  i f  th e  D PM  lo a d in g  is  w ith in  th e  2 0  to  
2 0 0 p g  ran g e .
5 .3 .2  P r in c ip le  C o m p o n e n t  A n a ly s i s  (P C A )  o f  s e p a r a t e  c o ld  d u s t  a n d  D P M  s p e c t r a  
f r o m  s e c t io n  5 .3 .1 .
5 .3 .2 .1  I n t r o d u c t i o n
In  th is  s e c tio n  a  PC A  an a ly s is  is  p e rfo rm ed  o n  a  s e le c tio n  o f  th e  c o a l d u s t  a n d  D PM  
sp ec tra  c o lle c te d  in  th e  p re v io u s  sec tio n . T h is  a n a ly s is  c an  b e  u s e d  to  f ir s t ly  in v e s t ig a te  i f  
i t  is  p o s s ib le  to  d is tin g u ish  (o r  d isc r im in a te )  b e tw e e n  th e  s im ila r  c a rb o n  s p e c tra  o f  c o a l 
an d  D PM , b y  c h em om e tr ic  m ean s . In  f ig u re  5 .2 .4  (s e c tio n  5 .2 )  a n  e x am p le  p lo t  o f  P C  
sco re s  is  sh ow n . In  th e  e x am p le  g iv en  th e  o b se rv a tio n s  fo r  e a c h  g ro u p  a re  sp re ad  fa r  
ap a rt. H ow ev e r , in  a  re a l  s itu a tio n  th e  o b se rv a tio n s  c a n  b e  v e ry  c lo se  o r  e v en  in  th e  s am e  
p o s itio n . G en e ra lly , th e  c lo s e r  to g e th e r  th e  o b se rv a tio n s  th e  m o re  s im ila r  th e  
co rre sp o n d in g  sp ec tra l sh ap e s  a re  fo r  th e  o b se rv a tio n s . S o , th e  PC  sco re s  p lo t  c a n  g iv e  
u se fu l in fo rm a tio n  o n  th e  re p ro d u c ib il i ty  o f  sp ec tra l sh ap e s , in d e p en d en t o f  
co n cen tra tio n . T o  p e rfo rm  a  P C A  d isc r im in a te  a n a ly s is  it  is  n e c e s s a ry  to  d iv id e  th e  se t o f  
d a ta  in to  tw o  d iffe ren t g ro u p s . T h e  f irs t  g ro up  is  u s e d  to  d ev e lo p  th e  b e s t  p a ram e te rs  fo r  
th e  m o d e l. T h is  is  c a lle d  th e  tra in in g  set. W h en  th e  b e s t  p o s s ib le  m o d e l h a s  b e e n  
d ev e lo p ed  (u s in g  th e  tra in in g  se t)  a  se c o n d  g ro up  o f  sp e c tra  o f  k n ow n  sam p le s  a re  
a p p lie d  to  th e  m o d e l to  te s t  i ts  p re d ic tiv e  a ccu ra cy . H en ce , th is  is  c a lle d  th e  te s t  set. 
Id e a lly , th e  t ra in in g  se t sh o u ld  c o n ta in  tw o  th ird s  o f  th e  d a ta  a n d  th e  te s t  s e t s h o u ld  
c o n ta in  th e  rem a in in g  th ird .
5 .3 .2 .2  E x p e r im e n t a l
40  sp e c tra  in  to ta l w e re  c h o se n  fo r  th e  PC A  an a ly s is . T h e se  c om p ris e d  o f  2 0  D PM  
sp ec tra , w h ic h  w e re  10 re p lic a te s  e ach  o f  th e  4 0 5 pm  an d  5 1 1 pm  sam p le s , a n a ly s e d  in  th e
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p rev io u s  sec tio n . T he  rem a in in g  sp e c tra  w e re  20  co a l d u s t sp ec tra , w h ic h  w e re  10 
rep lic a te s  e a c h  o f  th e  1 0 9pm  and  3 1 8 pm  sam p les . 13 D PM  and  13 co a l d u s t sp e c tra  (26 
in  to ta l)  w e re  u sed  fo r  th e  tra in in g  se t a n d  th e  rem a in in g  14 sp e c tra  (7 D PM  and  7 co a l)  
w e re  re s e rv e d  fo r  th e  te s t set. A ll th e  sp e c tra  w e re  n o rm a lis e d . A  m o d e l w a s  d ev e lo p e d  
u s in g  th e  tra in in g  se t and  th is  m o d e l w a s  u sed  to  p re d ic t w h ic h  g ro up  (co a l o r  D PM ) each  
sp ec trum  o f  th e  te s t se t b e lo n g s  to . T he  a c c u ra cy  o f  th e  m o d e l w a s  c h ec k e d  b y  com p a r in g  
th e  p re d ic te d  g ro up  fo r  e ach  te s t sp ec trum  w ith  its  k n ow  g ro up in g .
5 .3 .2 .3  R e s u l ts  a n d  d is c u s s io n
T ab le  5 .3 .3  sh ow s  th e  p e rc e n ta g e  v a r ia n c e  fo r  e a ch  PC . A lm o s t 100%  o f  th e  v a r ia n c e  is 
c o n ta in ed  in  th e  1st PC . T h e re fo re , i f  th is  v a r ia n c e  is  d u e  to  sp ec tra l tru e  sp e c tra l 
d if fe ren ce s , it  is  o n ly  n e c e s sa ry  to  u se  th e  f irs t c om po n en t w h en  a p p ly in g  th e  an a ly s is  to  
an  u n k n ow n . U s in g  a  g re a te r  n um b e r  o f  c om po n en ts  w o u ld  re su lt in  a  d a ta  b e in g  
o v e rf itted .. H ow ev e r , b e fo re  d is cu s s in g  th e  re su lts  o f  th e  te s t se t it is  f ir s t  n e c e s s a ry  to  
d iscu ss  th e  tra in in g  se t re su lts  in  m o re  de ta il.
S c o r e s
Sc o re : 2
G r o u p :
1
•  DPM 
2
C  Coal
Sc o re :
F ig  5 .3 .3  : S co re  1 v e rsu s  sco re  2  fo r  PC  A  an a ly s is  o f  D PM  and  co a l d u s t
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PC  s c o re 1 2 3 4 5
%  V a r ia n c e 99.71 0.14 0.04 0.02 0.01
T a b le  5 .3 .6 : V ariance  o f  each  PC  for PCA  analy sis  o f  D PM  and coal dus t 
The  PC  sco res p lo t fo r the  1st versus  the  2nd score  is show n  in  figu re  5 .3 .3 . The 
observation s for the  coal du st and  D PM  spectra  are c lea rly  separa ted  in to  tw o  d iffe ren t 
groups, w h ich  show s th a t PCA  is capab le  o f  easily  d is tingu ish ing  b e tw een  ca rbon  spectra  
from  coal dust and  DPM . The D PM  observations are bunched  tog e th e r in  a v e ry  c lo se ly  
spaced  group. Th is  ind ica te s  tha t th e ir  co rrespond ing  spec tra  h av e  v e ry  s im ila r  shapes. 
How ever, th e  coal dust spec tra  are no t bunched  as c lo se ly  to g e th e r as th e  D PM  spec tra , 
w h ich  ind ica tes  th a t th e ir  spec tral shapes are no t v e ry  s im ilar , com pared  w ith  th o se  o f  the 
DPM . This  la rge d is tribu tion  (or sp read ) in  observa tions is n o t a m a jo r  concern  fo r th is 
p a rticu la r ana lysis  b ecau se  th e  D PM  and  coal spec tra  are separa ted  in to  tw o  d istinc t 
ind iv idual groups. How ever, i f  th e  analys is  invo lved  try ing  to  d is tingu ish  b e tw een  m ore  
than  tw o  carbon  types  som e o f  th e  coa l dust observ ation s m ay  becom e  con fu sed  w ith  
these  o ther ca rbon  types, due  to  th e ir w ide  d istribu tion . A no th e r concern  is th a t PLS 
calcu lates  the concen tra tions o f  d ifferen t com ponen ts  b y  u sin g  a com b ina tion  o f  
re fe rence  spec tral shapes  and concen trations. I f  there is a  d iffe rence  in  spec tra l shapes  for 
m ix tu re  s tandards, w ith  th e  sam e concen tra tions o f  com ponen ts, it w ou ld  underm ine  the  
ab ility  o f  a PLS  m odel to  p red ic t th e  concen tra tions o f  these  d iffe ren t com ponen ts.
— L o a d in g s -—-—— —   ----------------
X cursor: 904.4
-  o  . 0 4
Loading number: 1
F ig  5 .3 .4 : 1st Load ing  fo r PCA  A naly sis  o f  C oal D ust and D PM
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T he  1st lo a d in g  fo r  th e  PC A  an a ly s is , w h ic h  co rre sp o n d s  to  th e  1st PC , is  s h ow n  in  f ig u re  
5 .3 .4 . T h e  lo a d in g  b a s ic a l ly  sh ow s  w h e re  th e  v a r ia n c e  b e tw e e n  th e  o b se rv a tio n s  fo r  e ach  
g ro up  o c cu rs . W h e re  th e  lo ad in g  is  a t a  m ax im um  th e  v a r ia n c e  b e tw e e n  th e  g ro u p s  is  a t 
its  la rg e s t. V a r ia n c e  b e tw e e n  d iffe re n t g ro u p s  n e ed  n o t n e c e s s a r i ly  b e  d u e  to  re a l  sp ec tra l 
d iffe ren ce s . T h e re  c an  b e  d if fe ren c e s  in  th e  sp e c tra  d u e  to  d if fe re n t m e th o d s  o f  
p ro c e s s in g , su ch  as  b a se lin e  c o rre c tio n s  o r  sm oo th in g , o r  p e rh a p s  d if fe re n c e s  d u e  to  
in te rfe re n c e  f rom  w a te r  v a p o u r , in  IR  s p ec tra . P C A  re c o g n ise s  th e  v a r ia n c e  b e tw e e n  th e  
sp e c tra  a n d  a ss ig n s  th e  v a r ia n c e s  s e q u e n tia lly  to  e a ch  PC . So , th e re  is  th e  d is t in c t 
p o s s ib i l i ty  fo r  th e  1st PC  to  c o n ta in  v a r ia n c e s  f rom  d if fe ren c e s  o th e r  th a n  tru e  sp e c tra l 
fe a tu re s . U n fo r tu n a te ly  th e re  w a s  n o  o p tio n  in  th e  so f tw a re  to  d isp la y  v a lu e s  o n  th e  x - 
ax is . H ow ev e r , i t  w ill  c o rre sp o n d  to  th e  s am e  sca le  a s  th e  in p u tte d  R am an  sp ec tra . In  th is  
c a se  th e  ra n g e  is  9 0 0 -1 9 0 0 cm T , g o in g  from  r ig h t to  le ft. T h e re fo re  th e  tw o  m a jo r  p e ak s  
in  th e  v a r ia n c e  c o rre sp o n d  to  1 3 5 0 cm '1 a n d  15 8 5 cm -1, w h ic h  a re  d u e  to  d if fe re n c e s  in  th e  
R am an  c a rb o n  D  a n d  G  b a n d s  re sp e c tiv e ly , fo r  e a c h  c om po n en t. T h e re  is  a lso  a  d is tin c t 
s h o u ld e r  a t a ro u n d  1 2 5 0 cm '1, w h ic h  c o rre sp o n d s  to  th e  R am an  fe a tu re , d u e  to  a n  sp 3- 
b o n d e d  c a rb o n  p h a se , o b se rv ed  in  th e  R am an  sp e c tra  o f  th e  c o a l d u s t b u t  n o t  in  th e  D PM  
sp ec tra . T h e  p o s it io n s  o f  th e  v a r ia n c e  p e a k s  c o n firm  th a t th e  v a r ia n c e  b e tw e e n  th e  co a l 
d u s t a n d  D PM  sp e c tra  w a s  d e f in ite ly  d u e  to  d if fe ren c e s  in  th e ir  s p e c tra  fo r  th e  f ir s t  PC .
U s in g  th e  d e v e lo p e d  m o d e l g ro up  p re d ic tio n s  w e re  m ad e  fo r  a  te s t  se t o f  14 s p e c tra  (7  
D PM  an d  7 co a l d u s t) . T he  m o d e l c o rre c t ly  a s s ig n ed  a ll 7  D PM  te s t  s p e c tra  to  g ro u p  1 
an d  a ll 7 c o a l d u s t te s t  s p e c tra  to  g ro up  2 . T h is  sh ow ed  th a t  th e  d e v e lo p e d  m o d e l w a s  
c ap ab le  o f  d is tin g u ish in g  b e tw een  sep a ra te  c o a l d u s t a n d  D PM  c a rb o n  sp ec tra .
1 1 8
5 .3 .3  I n v e s t ig a t io n  o f  E f f e c t  o f  C h a n g in g  O b je c t iv e  o n  R e p r o d u c ib i l i ty  o f  I n te g r a te d
S p e c t r a l  A re a s
5 .3 .3 .1  I n t r o d u c t i o n
Chang ing  the  ob jec tive  used  fo r th e  analys is  from  X 50  to X5 in creases  th e  lase r spot size  
from  around  2 pm  to app rox im a te ly  30pm . Sam pling  a la rger a rea  m ay  he lp  im prove  the  
rep roduc ib ility  o f  th e  spectra. F igu re  5 .3.5 illu stra tes  the  po ssib le  d iffe rence  in  sam ple  
areas fo r d iffe ren t la se r spo t s izes focused  onto  he te rogeneous  ca rbon  partic le s. W e can 
see from  th is  figu re th a t the  la rger lase r spot sam ples a m uch  m ore  rep resen tab le  sam p le  
area th an  the  sm alle r spo t size. Therefo re , i f  th e  la rger a rea  spo t w as m oved  to  a  d iffe ren t 
reg ion  o f  th e  sam ple  it is m uch  m ore  likely , th an  the  sm alle r spo t size, to  b e  focused  on  a 
reg ion  s im ila r to  th e  p rev iou s  reg ion. Th is  in  turn , shou ld  resu lt in  m ore  rep roduc ib le  
spectra. In  th is  sec tion  w e  w ill investiga te  th e  effects  o f  in c reasing  the  la se r spo t size , by  
u sing  a low er m agn ifica tion  ob jective, on  the rep roduc ib ility  o f  in teg ra ted  spec tra l areas 
o f  D PM  and  coal dust.
r \  'JfC vi
F ig u r e  5 .3 .5 : D iffe ren t lase r spo t sizes focused  on to  h e te rogeneous  ca rbon  p a rtic le s
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S .3 .2 .2  E x p e r im e n ta l
In sec tion  5 .3 .1 , sam p les  w ith  a  range  o f  lo ad ing s  w e re  analy sed  u s ing  250 s  scan  tim e , 
X 50  o b jec tiv e  and  10%  la se r pow er. The  w o rk  in  th is  sec tion  in vo lv es  th e  u se  o f  th e  X 5 
ob jec tiv e . D ue  to  th e  d iffe rence  in  th e  ap e rtu re  o f  th e  X 5  ob jec tiv e  m uch  le ss  o f  th e  
sca tte red  ligh t is  co llec ted  b ack  up  th rough  th e  m ic ro scope , g rea tly  red u c in g  th e  signal 
reach ing  th e  d e tec to r. T he  la se r spo t s ize  is app rox im a te ly  3 0 pm  fo r an  X 5 ob jec tiv e , 
com pared  to  abou t 3 pm  fo r an  X 50  ob jec tiv e . T h is  has  th e  e ffec t o f  sp read ing  th e  la se r 
p ow e r o v e r a  la rg e r area. So, it is p o ss ib le  to  in c rease  th e  in c id en t la se r p ow e r from  10%  
to  100%  w ith o u t in c reased  risk  o f  h ea tin g  th e  sam ple . The  in c rease  in  la se r p ow e r w ill go  
som e w ay  to  com pen sa te  fo r th e  lo ss o f  s ig na l d u e  to  th e  u se  o f  th e  X 5  ob jec tiv e  bu t it 
w as  a lso  n ece ssa ry  to  in c rease  th e  scan  tim e  to  im p rove  th e  signal fu rth er. T h e  n ew  
p a ram ete rs  u sed  w ere  400 s  scan  tim e , X5 o b jec tiv e  and  100%  la se r pow er.
Three  coal d u s t sam p les  w ith  109, 218  and  4 8 6 p g  lo ad ing s  w ere  ana ly sed  u s in g  th e se  
n ew  pa ram ete rs  and th e  sam p ling  c rite ria  ou tlin ed  in sec tion  5 .3 .1 .2  (10  rep lic a te  sp ec tra  
tak en  a t d iffe ren t p o in ts  on  th e  filte r). A  D PM  sam p le  w ith  a  4 0 5 p g  lo ad ing  w as  a lso  
analy sed  u s ing  th e se  p a ram ete rs .
5 .3 .2 .3  R e su lts  a n d  d is cu s s io n
T ab le  5 .3 .7  show s th e  pe rcen tag e  s tandard  d ev ia tio n  fo r th e  in teg ra ted  sp ec tra l a reas  o f  
10 rep lic a te  sp ec tra  tak en  fo r th ree  d iffe ren t coal d u s t sam p les  u s ing  th e  tw o  d iffe ren t 
p a ram ete rs . A  d ram atic  im p rovem en t in  th e  rep ro du c ib ility  o f  th e  spec tra l a reas  fo r  th e  
sp ec tra  tak en  o f  th e  coal d u s t w ith  th e  X 5 ob jec tiv e  w a s  ob served . The  109pg  sam p le  
s tandard  dev ia tion  im proved  from  a lm os t 4 0%  to  le ss  th an  20% , th e  3 1 8 p g  sam p le  
im proved  from  13%  to  a lm o s t 7%  and  th e  4 8 6 p g  sam p le  im p roved  from  a lm o s t 11%  to  
less th an  6% . A  large im p rovem en t w as  a lso  ob se rv ed  fo r th e  4 0 5 p g  D PM  sam p le  w ith  
th e  s tandard  dev ia tion  d ecreasing  from  14.6 to  9 .5% .
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F i l te r C o a l D u s t  L o a d in g  (p g ) E r r o r  (±% )  
1st P a r am e te r s *
E r r o r  (±% )  
2 nd P a ram e te r s * *
1 109 39 .9 18.6
2 318 13.1 7.2
3 486 10.7 5.6
T a b le  5.21.7: C om parison  o f  v a ria tio n  o f  in teg ra ted  spec tra l a reas fo r  d iffe ren t p a ram ete rs
* x 5 0 o b j , 2 5 0 s , 1 0 %  p o w e r  l a s e r  * * x 5 o b j , 4 0 0 s , 1 0 0 %  l a s e r  p o w e r
5 .3 .4  M ix tu r e  S am p le  P ro d u c t io n
5 .3 .4 .1  In t r o d u c t io n
The p roduc tio n  o f  s tanda rd s  con ta in ing  a  m ix tu re  o f  coal d u s t and  d ie se l p a rtic u la r  m a tte r  
is n o t a  tr iv ia l p ro cess . W hen  sam p ling  a ir  in  a  coal m ine  it is filte red  th rough  qua rtz  fib re  
filte rs  w h ich  a re  connec ted  to  sam p le  pum ps  w ith  a  k n ow  flow  ra te  (u sua lly  21/m in). 
W hen  m ak ing  syn th e tic  s tandard s , it is im pera tiv e  to  c rea te  a  sam p ling  system  th a t re su lts  
in  th e  co llec ted  sam p les  b e ing  d epo sited  on to  th e  filte rs  in  a  s im ila r m ann e r as  in  a  coal 
m ine . There fo re , it is e ssen tia l to  sam p le  b o th  th e  D PM  and  coal d u s t s im u ltaneously . 
W hen  sam p ling  bo th  p a rtic le  ty pes  it is essen tia l to  k n ow  th e  ra te  o f  d epo sitio n  o f  each  
com ponen t. T herefo re , each  com ponen t w as  firs t sam p led  separa te ly . T h is  a llow ed  th e  
cha rac te risa tion  o f  each  com pon en t’s d epo sitio n  ra te , so  th e  concen tra tion  each  
com ponen t p re sen t in m ix tu re  sam ples, co llec ted  u n d e r s im ila r cond ition s , cou ld  be  
estim ated .
5 .3 .4 .2  E x p e r im e n ta l
A  sam p ling  appara tu s  w as  se t up , w h ich  w as  s im ila r to  th e  system  show n  in  figu re  5 .3 .6 . 
The  system  con ta in s  a  sam p le  cham ber p o s itio n ed  in  th e  cen tre  o f  a  sea led  box . A  ho le  
w as cu t a t one  end  o f  th e  box , so  an  exh au s t p ip e  from  a  d ie se l-pow ered  v an  cou ld  be  
in serted . T he re  w ere  a lso  severa l ho le s  p unched  in  th e  o ppo s ite  end  o f  th e  b ox  to  a ss is t 
th e  a irflow . T he  cham ber con sis ted  o f  a  stee l cy linder w ith  a  rem ovab le  con e-sh ap ed  lid  
w ith  h o le s  in  it to  a llow  a ir  to  en te r th e  cham ber. F ou r pum ps , c a lib ra ted  to  2L /m in , w e re  
connec ted  to  v a lv es  a t th e  bo ttom  o f  th e  cham ber, from  th e  ou ts id e . T hese  w ere  u sed  to
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d raw  a ir  from  th e  su rround ing  a tm osphere , o f  th e  box , in to  th e  sam p ling  cham ber. F ilte r  
ho ld e rs , w ith  p ap e r filte rs , w ere  connec ted  to  th e se  v a lv es  in s id e  th e  cham ber, to  p rev en t 
du s t b e ing  sucked  in to  th e  pum ps. Tw o  m o re  pum ps, p o s itio n ed  ou ts id e  th e  box , w e re  
ca lib ra ted  to  app rox im a te ly  2L /m in . T hese  pum ps  w ere  connec ted  to  sam p lers  con ta in in g  
c lean  p re -w e igh ed  qua rtz  fib re  filte rs . T h e  sam p lers  w e re  p la ced  in to  th e  cen tre  o f  th e  
cham ber to  sam p le  a ir  from  th e  ch am be r’s a tm osphere .
Sampling Pumps
B efo re  th e  sam p ling  to o k  p lace , th e  d ie se l v an  eng in e  w as  w arm ed  up , to  g iv e  co n s is ten t 
em ission s , by  ru nn ing  it on  id le  fo r 1 hour. The  exh au s t w as  connec ted  to  th e  sam p ling  
appara tu s  and  th e  pum ps  a t th e  b ase  o f  th e  ch am ber tu rn ed  on. T h is  a llow ed  th e  b o x  to  
fill and  a  s ta te  o f  equ ilib rium  to  be  a ch ieved  in  th e  b ox  and  ch am be r’s a tm o sphere s . T he  
sam p ling  pum ps  w ere  tu rn ed  on  and  th e  exh au s t fum e d raw n  in to  th e  ch am be r w as  
sam p led  fo r 10 m inu tes . W hen  th e  sam p ling  w as  com p le te , all th e  p um p s  w e re  tu rn ed  o f f  
and  th e  exh au s t d isconnec ted  from  th e  sam p ling  appara tu s . The p ro cedu re  w as  rep ea ted  
using  d iffe ren t sam p le  tim es  o f  2 .5 ,10 ,15  and  20  m inu te s . The  filte rs  w e re  w e igh ed  and  
th e  am oun t o f  p a rticu la te  co llec ted  on  each  w as  ca lcu la ted  by  sub trac ting  th e  o rig in a l 
w e igh t o f  th e  filte r from  th e  lo aded  filter . T h e re  w as  on ly  one  f ilte r  w ith  a  lo ad ing  fo r  20
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m inu te s  b ecau se  one  o f  th e  p um ps fa iled  du ring  sam p le  co llec tion . The  to ta l w e igh t o f  
D PM  fo r each  sam p le  w as n o rm a lised  acco rd ing  to  th e  flow  ra te  o f  th e  p um p  u sed  to  
co llec t th e  sam ple . T he  EC  con ten t o f  th e  D PM  w as  estim ated  fo r 6  o f  th e  9 sam ples , 
u sin g  a  c ou lom e tric  te chn iqu e  s im ila r to  th a t d e sc rib ed  in  ch ap te r 1 (sec tion  1 .2.5). The  
sam p le  w e igh ts , co rre spond ing  sam p ling  tim es  and  flow  ra te s  fo r th e  sam p les  a re  show n  
in tab le  5 .3 .8 . T he  sam p le  w e igh ts  w ere  n o rm a lised  acco rd ing  to  th e  sam p le  p um p ’s flow  
ra te  (app rox . 2L /m in ). T he  no rm a lised  w e igh ts  w ere  p lo tte d  aga in s t th e ir  sam p lin g  tim es  
and  a  lin ea r p lo t re su lted  w ith  an  R 2 v a lu e  o f  0 .98 fo r th e  to ta l D PM  w e igh ts  and  0 .99  fo r 
th e  EC  w eigh ts , as can  b e  seen  in  g raph  5 .3 .3 . T h is  p ro cess  p rov ided  a  ca lib ra tion  to  
p red ic t th e  ra te  o f  D PM  co llec tion .
F i l t e r S am p le  t im e  
(m in )
P um p  F low  
(L /m in )
T o ta l  D PM  
W e ig h t
E s t im a te d
E lem e n ta l
C a rb o n
(P g )
E lem e n ta l
C a rb o n
1 2.5 2.03 68 -
2 2.5 2 .02 44 14 32
3 5 1.96 85 49 58
4 5 2 .04 118 77 65
5 10 1.97 214 - -
6 10 1.91 209 164 78
7 15 2 .02 286 -
8 15 2.03 295 230 78
9 20 2 .067 374 307 82
T a b le  5 .3 .8 : D PM  w e igh ts  fo r d iffe ren t sam p le  tim es
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Graph 5 .3 .3 : DPM  w e ig h t v e rsu s  sam p le  tim e
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The p ropo rtion  o f  EC  in th e  DPM  sam p les  appeared  to  increase  as th e  sam p ling  tim e  
increased . It is no t fu lly  c lea r  w hy  th is  occu rs. A s s ta ted  ea rlie r  the eng in e  w as  run  on  id le  
fo r 1 h ou r to  g iv e  it t im e  to  w arm  up  and  g iv e  con stan t em ission s. The 10 m inu te  sam p les  
w ere  co llec ted  first. I f  th e  e lem en ta l carbon  con ten t o f  th e  em ission s  w as un stab le  w hen  
th e  sam p ling  s ta rted  th e  2 .5  and 5 m inu te  sam p les  w ou ld  be  expec ted  to  have  a h ig h e r EC  
p ropo rtion  th an  th e  10 m inu te  sam ples. H ow ever, th is  w as  no t th e  case . A  po ss ib le  
exp lana tion  fo r th e  h ighe r lo ad ing  sam p les  h av ing  a  h ig h e r p ropo rtion  o f  EC  (o r a  low er 
p ropo rtion  o f  o rgan ic  carbon ) is th a t th e  qua rtz  fib re  filte rs  re ad ily  ad so rb  CO 2 from  th e  
a thm osphere . F o r sho rt sam p le  tim es a  sm all p ropo rtio n  o f  th e  filte r w as  covered  by  D PM  
and  th e re  w ere  a  large  n um be r o f  fib res av a ilab le  to  ad so rb  C 0 2. T he  D PM  partic le s  
th em se lv es  re ad ily  adso rb  o rg an ic  m ate ria l b u t th is  w ou ld  o ccu r in  th e  eng in e . So, a s  th e  
sam p le  tim e  in creases  m ore  o f  th e  filte r becom es covered  w ith  th e  D PM  and  th e re  a re  
less fib res fo r th e  o rg an ic  m ate ria l in th e  em ission s  to  be  ad so rbed  on to , th e re fo re  
d ecreasing  th e  o rgan ic  ca rbon  con ten t o f  th e  h igher lo ad ing  sam p les .
F o r la te r w o rk  in th is  th e s is  w e  used  th e  to ta l D PM  w e igh t fo r o u r  PLS m ode ls  and  th en  
useed  g raph  5 .3 .3  to  e s tim ate  th e  EC  con ten t.
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A fte r th e  d epo sitio n  ra te  o f  th e  D PM  had  b een  e s tab lish ed  it w as  n ecessa ry  to  rep ea t th e  
p ro cedu re  fo r th e  coal du st. Th is  w as  firs tly  a ttem p ted  by  u s ing  an  in s trum en t c a lled  a  
du s t b ed  flow  cham ber, w h ich  w as  d e signed  to  g iv e  a  co n stan t f low  o f  fin e  d u s t p a rtic le s . 
T h is  in s trum en t w as filled  w ith  coal d u s t in  one  com partm en t and  a  cha in -lik e  
m echan ism  carried  th e  du s t in to  ano th e r com partm en t th a t w as  e ssen tia lly  a  p re ssu rised  
du s tbow l w ith  a  co n stan t a irflow . T he  in s trum en t w as  connec ted  to  th e  b o x  co n ta in ing  
th e  sam p le  ch am ber and  th e  system  w as  a llow ed  to  fill fo r 10 m inu te s . The  du s t w as  th en  
co llec ted  in th e  sam e m ann e r as  th e  d ie se l fum es. H ow ever, v e ry  little  d u s t w as  co llec ted  
on  th e  sam p le  filte rs. V a riou s  com b in a tio n s  o f  in c reas ing  th e  d u s t bow l p re ssu re , 
in c reas ing  th e  fill tim e  and  add ing  ex tra  coal d u s t to  th e  firs t ch am ber w e re  a ttem p ted . 
H ow ever, th e  flow  ra te  fo r  th e  coal d u s t cou ld  n o t b e  inc reased  su ffic ien tly . T h is  m ean t 
th a t i f  th e  coa l d u s t and  th e  d ie se l fum e w e re  co llec ted  s im u ltaneou sly  th e re  w ou ld  b e  a  
few  o rde rs  o f  m agn itude  m o re  D PM  p resen t. It w as de sirab le  to  p roduce  s tandard s  th a t 
h ad  lo ad ing s  o f  s im ila r m agn itudes, o f  bo th  con stitu en ts . H ence , th is  m e thod  cou ld  n o t be  
used  fo r supp ly ing  coal d u s t to  th e  sy stem .
The  n ex t a ttem p t a t p rep a rin g  sam p les  w ith  coal d u s t w as  to  u se  a  d u s t bow l connec ted  to  
an  a ir  p um p . A fte r  a  severa l tria ls  it w as  ob serv ed  th a t u s ing  4g  o f  coal d u s t and  app ly ing  
6L /m in  a ir  p re ssu re  re su lted  in  an  a pp rop ria te  am oun t o f  coal du s t b e ing  d epo sited  on to  
th e  sam p le  filte rs. H ow ever, th e  ra te  o f  sam p le  d epo sitio n  w as  non -lin ea r. The  m a in  
reason  fo r  th is  w as  a  la rg e  am oun t o f  co a l d u s t w as  flow ing  from  th e  du s t b ow l a t th e  
s ta rt o f  th e  experim en t. A s  th e  ex p erim en t con tinued  th e re  w as  le ss  d u s t p re sen t in  th e  
bow l. T here fo re , le ss  and  le ss  w as  du s t en te ring  th e  b ox  as th e  ex p erim en t con tinued . 
A no th e r p rob lem  w as th a t th e  p ro cedu re  w as  n o t rep roduc ib le . W hen  th e  exp e rim en t w as  
repea ted  again , d iffe ren t sam p le  ra te s  w e re  ob se rv ed  fo r s im ila r sam p le  tim es . T he  
p rin c ip a l rea son  fo r th is  w as  th a t th e  d is trib u tio n  o f  coal d u s t in th e  sam p ling  sy stem  w as  
h igh ly  d ep enden t on  po s itio n ing  o f  th e  tu b in g  connec tin g  th e  d u s t bow l to  th e  sam p ling  
sy stem . I t  w as a lw ays in serted  in to  th e  b ox  th rough  th e  sam e ho le  b u t it app ea red  th a t  th e  
s ligh te st d iffe rence  in d irec tion  o f  en try  re su lted  in  a  d iffe ren t d epo sitio n  ra te  d u e  to  a  
change  in sam p le  d is trib u tio n  in  th e  cham ber. A n  a ttem p t w as  m ade  to  tap e  th e  tu b e  in to  
po s itio n  b u t w hen  th e  tu b in g  had  to  be  rem oved  from  th e  d u s t bow l to  p u t m o re  sam p le  in
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its  po s itio n  w as  changed  again . Consid e rab le  tim e  and  e ffo rt w as  sp en t on  try ing  to  se t up  
an  a rrangem en t w h ich  gave  rep roduc ib le  re su lts . H ow ever, th is  w as  un successfu l. H ence , 
it w as  dec id ed  w hen  co llec tin g  th e  m ix tu re  sam ples  it w ou ld  b e  necessa ry  to  m easu re  th e  
to ta l d epo sited  p a rticu la te  w e igh t and  to  ca lcu la te  th e  w e igh t o f  th e  coa l d u s t by  
sub trac ting  th e  p red ic ted  D PM  deposit.
The system  w as  se t up  as  show n  in  fig  5 .3 .7  and  v a rio u s  sam p ling  tim es  w ere  u sed  to  ge t 
m ix tu res  o f  coal d u s t and  D PM  on  th e  filte rs . T he  sam p ling  p a ram ete rs  and  re su ltan t 
w e igh ts  a re  show n  in tab le  5 .3 .9 . T he  fill tim e  co rre spond s  to  th e  am oun t o f  tim e  th e  coal 
and  d iese l w as  a llow ed  to  c ircu la te  a round  th e  system  b e fo re  th e  sam p le  pum ps  w ere  
tu rn ed  on . T he  sam p le  tim e  co rre spond s  to  h ow  long  th e  sam p ling  p um p s  w ere  tu rn ed  on. 
4 g  o f  coa l d u s t w e re  added  to  th e  du s t bow l w hen  necessa ry .
S am p le
C o lle c tio n
N um b e r
S am p le
N um b e r
Pum p  
F low  R a te  
(L /m in)






T o ta l
W eigh t
(Pg)
1 1(a) 2 .03 3 10 5 538
(4g  dust) 1(b) 1.998 3 10 5 506
2 2 (a ) 1 .975 3 10 10 344
2(b ) 1 .972 3 10 10 368
3 3 (a ) 2 .05 3 10 15 182
3(b) 2 .06 3 10 15 420
4 4(a ) 2 .08 10 10 7.5 295
(4g  dust) 4 (b ) 1.998 10 10 7.5 275
5 5(a) 2 .07 3 10 12.5 381
5(b) 2 .064 3 10 12.5 329
6 6(a) 2 .05 4.5 10 7.5 393
(4g  du st) 6 (b ) 2 .03 4.5 10 7.5 395
T a b le  5 .3 .9 : Sam pling  p a ram ete rs  and  to ta l w e igh ts  fo r  each  sam ple
U sing  g raph  5 .3 .3  it w as  p o ss ib le  to  e s tim ate  th e  am oun t o f  D PM  p re sen t fo r  each  
sam ple. The  am oun t o f  coal du s t p re sen t w as  c a lcu la ted  by  sub trac ting  th e  e stim a ted  
D PM  w eigh t from  th e  to ta l w eigh t. T he  ca lcu la ted  D PM  and  coal d u s t w e igh ts  fo r  each  
sam p le  are  show n  in tab le  5 .3 .1 0 .
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S am p le
N um b e r
T o ta l  W e ig h t  
(p g )
T o ta l  D PM  
W e ig h t  (pg )
N o rm a lis e d  
D PM  W e ig h t  
(p g )
C o a l D u s t  
W e ig h t  (p g )
1 (a ) 538 64 65 473
1 (b ) 506 64 66 440
2 (a ) 344 204 2 1 4 140
2 (b ) 368 204 2 1 4 154
3 (b ) 420 297 2 9 9 123
4 (a ) 295 157 156 139
4 (b ) 275 157 162 118
5 (a ) 381 251 251 130
5 (b ) 329 251 251 78
6 (a ) 393 157 159 234
6 (b ) 395 157 160 235
T a b le  5 .3 .10 : C a l c u l a t e d  w e i g h t s  o f  D PM  a n d  c o a l  d u s t  f o r  e a c i  s a m p l e
5 .3 .5  A n a ly s is  o f  m ix tu r e  c a rb o n  s ta n d a rd s
5.3 .5 .1  In t r o d u c t io n
M ix tu re  sam p les  w ith  a  range  o f  k now  coal d u s t and  D PM  load ings w ere  n ow  ava ilab le . 
These  sam p les  cou ld  n ow  be  ana ly sed  and  th e ir  sp ec tra  u ltim a te ly  b e  u sed  fo r a  PLS 
ca lib ra tion  m odel.
5 .3 .5 .2  E x p e r im e n ta l
6 o f  th e  sam p les  w ith  v a rio u s  m ix tu res , as  show n  in  ta b le  5 .3 .11 , w e re  ana ly sed  u s in g  an  
x5  ob jec tiv e , 4 00 s  scan  tim e  and  633nm  25mW  la se r a t 100%  pow er. 10 rep lica te  sp ec tra  
w ere  ta k en  o f  each  sam p le , u s in g  th e  sam e c rite ria  as  in  sec tion s  5 .3.1 and  5 .3 .4 , w ith  
each  scan  tak en  a t a  d iffe ren t p o in t on  th e  filter .
The  re spon se  o f  th e  R am an  in s trum en t can  va ry  con sid e rab ly  from  day  to  day  and  it w as  
n o t po ssib le  to  co llec t all 60  sp ec tra  in  o n e  day. T here fo re , i f  th e se  sp ec tra  w ere  to  b e  
u sed  fo r a  PLS m ode l, it w as n ecessa ry  to  ca lib ra te  th e  in s trum en t a t th e  s ta r t and  a t th e  
end  o f  each  day, to  accoun t fo r th e  d iffe ren t re spon se  o f  th e  in strum en t. The  in s trum en t
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w as ca lib ra ted  by  co llec tin g  a  1 second  scan  o f  a  c lean  p ie ce  o f  fla t c iy s ta llin e  s ilicon , 
u sin g  th e  X 50  ob jec tiv e  and  100%  la se r pow er. Th is  w as  rep ea ted  th re e  tim es  a t th e  s ta rt 
and  end  o f  each  day. T he  in teg ra ted  spec tra l a reas o f  th e  re su ltan t spec tra  w ere  m easu red  
and  th e  average  v a lu es  fo r each  day  w ere  com pared .
O ne  spec trum  o f  each  sam p le  w as  cu rve  fitted  u s in g  th e  fittin g  app lica tio n  o f  th e  
G ram s32  so ftw are . W hen  p e rfo rm ing  th e  cu rve  fit o f  each  sam ple , it w ou ld  h av e  b een  
ideal to  in c lude  all th e  b and s  d e te rm ined  fo r  each  com ponen t (7  fo r coal and  4  fo r D PM ), 
in  sec tion  ch ap te r 3 (sec tion  3 .5 ). T hen  th e  change  in  re la tiv e  in ten s itie s  fo r  each  p eak  
cou ld  b e  m on ito red  fo r each  sam ple . H ow ever, th is  p ro cess  w ou ld  b e  b eyond  th e  
capab ilitie s  o f  th e  cu rve  fittin g  so ftw are . E sp ec ia lly  s in ce  som e  th e  b and s  a re  v e ry  b ro ad  
(over 170cm '1) and  app ea r in  s im ila r p o s itio n s  fo r bo th  th e  coa l and  D PM , re su ltin g  in  
th em  be ing  s trong ly  overlapped . There fo re , it  w as  dec id ed  to  keep  th e  fitting  p ro cess  
re la tive ly  s im p le  by on ly  in c lud ing  4  G aussian  bands. T hese  b and s  b e ing  th e  D  and  G  
bands and  band s  a t a round  1250cm '1 and  1500cm '1. The  D  and  G  band  ra tio s  and  
po s itio n s  w ere  u sed  to  quan tita tiv e ly  show  changes in th e  sp ec tra  fo r  each  m ix tu re  
sam ple.
S am p le T o ta l  W e ig h t  (p g ) D PM  W e ig h t  (jig ) C o a l D u s t  W e ig h t  (p g )
1 506 66 440
2 344 214 140
3 420 299 123
4 275 162 118
5 329 251 78
6 393 159 234
T a b le  5 .3 .1 1 : C alcu la ted  coa and  D PM  w e igh ts  fo r  each  sam p le  analy sed
5 .3 .5 .3  R e su lts  a n d  d iscu s s io n
A n  exam p le  spec trum  o f  a  m ix tu re  sam p le  show n  in spec trum  5.3 .3  and  its  cu rv e fit is 
show n  in  figu re  5 .3 .7 . P eak  p o s itio n s , h e igh ts , w id th s  and  a reas  fo r th e  cu rve flts  o f  e ach  
sam p le  a re  show n  in  tab les  5 .3 .1 2  th rough  5 .3 .17 . The  D /G
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band  ra tio s and the  standard  dev ia tion  fo r 10 rep lic a te s  spec tra  o f  each  sam p le  are show n 
in  tab le  5 .3 .18.
1000 1200 1400 1600 1800
Counts / Raman Shift (cm-1)
S p e c t r u m  5 .3 .3 : 66m g  D PM  and 440m g  Coal Dust, x5ob j, 400s, 633nm  lase r at 100%
F it te d  T ra c e  + R e s id u a l +  2 n d  D e riv a tiv e
O r ig in a l  T ra c e  +  P e a k s  +  B a s e l in e
F ig u r e  5 .3 .7 :  C u rv e  fit o f  a  6 6 p g  D PM  and  4 4 0 p g  co a l d u s t m ix tu re  sam p le  sp e c trum
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P e a k P o s i t io n  (cm -1) H e ig h t  (a .u .) W id th  (cm"1) In t e g r a t e d  A r e a
1 1257 1577 185 311392
2 1351 3283 133 463473
3 1492 1751 119 222881
4 1593 4173 79 353550
T a b le  5 .3 .1 2 :  F itted  p eak  po s itio n s , h e igh ts , w id th s  and  a reas  o f  a  6 6 p g  D PM  and  
4 4 0 p g  coal d u s t m ix tu re  sam p le  spec trum
P e a k P o s i t io n  (cm -1) H e ig h t  (a .u .) W id th  ( cm '1) I n t e g r a t e d  A r e a
1 1225 545 184 107143
2 1339 2401 144 368410
3 1488 1057 122 138114
4 1591 2276 89 214868
T a b le  5 .3 .1 3 :  F itted  p e ak  po s itio n s , h e igh ts , w id th s  and  a reas  o f  a  214m g  D PM  and  
140pg  coal d u s t m ix tu re  sam p le  spec trum
P e a k P o s it io n  ( cm '1) H e ig h t  (a . ik ) W id th  (cm *1) I n t e g r a t e d  A r e a
1 1244 1403 175 261916
2 1349 3548 137 518803
3 1493 1725 115 211680
4 1593 4202 80 357069
T a b le  5 .3 .1 4 :  F itted  p e ak  po s itio n s , he igh ts , w id th s  and  a reas  o f  a  299m g  D PM  and  
123pg  coal d u s t m ix tu re  sam p le  sp ec trum
P e a k P o s it io n  (cm *1) H e ig h t  (a .u .) W id th  (cm -1) I n t e g r a t e d  A r e a
1 1220 879 168 157594
2 1344 3655 151 587165
3 1487 1492 99 156545
4 1590 3743 91 365053
T a b le  5 .3 .1 5 :  F itted  p e ak  po s ition s , he igh ts , w id th s  and  a reas  o f  a  162m g D PM  and  
1 18pg  coal d u s t m ix tu re  sam p le  spec trum
P e a k P o s i t io n  (cm -1) H e ig h t  ( a .u .) W id th  ( c m 1) I n t e g r a t e d  A r e a
1 1231 1224 165 214791
2 1348 3774 143 574431
3 1494 1689 111 198949
4 1592 4232 80 360766
a b le  5 .3 .: 6: F itted  p eak  po s itio n s , he igh ts , w id th s  and  a reas  ol ' a  251 m g  D PM  and
78 pg  coal d u s t m ix tu re  sam p le  spec trum
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P e a k P o s it io n  (cm -1) H e ig h t  (a .u .) W id th  ( c m 1) In te g r a te d  A re a
1 1260 514 147 80948
2 1353 713 104 79704
3 1475 362 129 49839
4 1592 959 80 82187
T a b le  5 .3 .17 : F itted  p eak  p o s itio n s , he igh ts , w id th s  and  a reas  o f  a  159pg  D PM  and
2 3 4 p g  coal d u s t m ix tu re  sam p le  spec trum
S am p le T o ta l
W e ig h t
(P g )
D PM
W e ig h t
(P g )
C o a l D u s t  
W e ig h t
(P g )
D /G  
I n te g r a te d  
A re a  R a t io
S ta n d a rd  
d e v ia t io n  (% )  
o f  I n te g r a te d  
s p e c t r a l  a r e a s
1 506 66 440 1.3 21.8
2 344 214 140 1.7 21.1
3 420 299 123 2 .4 4 .9
4 275 162 118 1.5 14.1
5 329 251 78 1.6 13.3
6 393 159 234 1.0 21 .8
T a b le  5.3.1 8 : Coal anc D PM  w e igh ts  and  D /G  ra tio s  fo r  an  exam p le  sp ec trum  o f  ea
sam p le  and  in teg ra ted  spec tra l a reas  s tandard  dev ia tion
W hen com paring  th e  D  and  G  p e ak  h e igh t ra tio s  w ith  D PM  and  coal d u s t lo ad ings, n o  
obv ious trend  w as  observed . A  p lo t o f  D PM /coa l d u s t lo ad ing  ra tio s  v e rsu s  D /G  b and  
ra tio s  is show n  in  g raph  5 .3 .4 . F rom  th is  p lo t it is e v id en t th a t th e  D /G  band  ra tio s  
in crease  sy stem atica lly  w ith  in c reas ing  D PM /coa l d u s t ra tio s . H ow ever, tw o  ex cep tio n s  
to  th is  tren d  a re  th e  sam p les  w ith  0 .15 and  3 .2  D PM /coa l d u s t ra tio s . These  sam p les  
re spec tiv e ly  h ave  6 .6  tim es  m o re  coal d u s t th an  D PM  and  3 .2  tim es  m o re  D PM  th an  coa l 
dust. So, p e rh ap s  th e  m uch  h ig h e r am oun t o f  one  com ponen t com pared  to  th e  o th e r, fo r  
b o th  th e se  sam p les , exp la in s  w hy  th ey  do n o t con fo rm  to  a  m ona tom ic  trend . A  p lo t  o f  
th e  D PM /coa l d u s t lo ad ing  ra tio s  ve rsu s  D /G  band  ra tio s , om ittin g  th e se  tw o  sam p les , is 
show n  in  g raph  5 .3 .5 . A  lin ea r trend lin e  w ith  an  R 2 o f  0 .997  w as fit ted  to  th e se  po in ts . 
This  is an  accep tab le  R 2 v a lu e . H ow ever, th is  s tu dy  on ly  in vo lved  4  p o in ts  and  th e  tw o  
sam p les  om itted  from  study , in  g raph  5 .3 .5 , h ad  s im ila r to ta l lo ad ings and  D /G  band  
ra tio s  com pared  to  th e  o th e r sam p les . There fo re , it w ou ld  n o t b e  p o ss ib le  to  u se  th is  
m e thod  a lon e  fo r de te rm in ing  th e  am oun t o f  D PM  and  coal d u s t in unknow ns.
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Graph 5.3.5: DPM/Coal Dust Ratios vs D/G band Ratios
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The  cu rv e fit p e rfo rm ed  on  th e  m ix tu re  sam p les  w as  som ew ha t s im p lified  and  know n  
band s  w ere  om itted  from  th e  fit. T h is  w ou ld  re su lt in d iffe ren t re su lts  from  th e  cu rve  fits  
on  th e  m ix tu re  sam p les  com pared  to  th e  separa te  sam p les  (s tu d ied  in ch ap te r  3 sec tion  
3 .5 ). H ow ever, it is s till im po rtan t to  com pare  the  G  and  D  band  po s itio n s  and  w id th s  o f  
th e  m ix tu re  sam p les  w ith  th e  o rig inal sepa ra te  sam p les . Th is  g iv es  in fo rm atio n  on  id ea  o f  
h ow  th e  sp ec tra  o f  th e  m ix tu re  s tandafd s  change  a cco rd ing  to  th e ir  con ten ts .
T h e  G  band  po s itio n s  fo r th e  separa te  coa l and  D PM  sp ec tra  w ere  1596cm '1 and  1595cm '
1 w ith  b andw id th s  o f  6 3 cm '1 and  79CP1'1 re spec tive ly .
The  G  band  p o s itio n s  and  w id th s  change  v e ry  little  ac ro ss  th e  range  o f  m ix tu re  sam p les , 
ly ing in th e  range  o f  1 5 90 -1593cm '1 and  7 9 -9 l c m '1 respec tiv e ly . The  b ro ad e r G  b and s  o f  
8 9 cm '1 and  9 1 cm '1 o ccu rred  fo r sam p les  w ith  a  g rea te r D PM  con ten t, com pared  to  coal 
dust. H ow ever, som e sam p les  w ith  a  g rea te r D PM  con ten t h ad  G  b andw id th s  o f  a round  
8 0 cm '1, w h ich  is com parab le  w ith  sam p les  th a t h ad  a  g re a te r coal d u s t con ten t. The  
om ission  o f  certa in  b and s  from  th e  cu rve fit, m ay  exp la in  th e  sh ift o f  th e  G  band  p o s itio n  
from  around  1595cm '1, in th e  separa te  sam p les , to  a round  1590cm '1, in  th e  m ix tu re  
sam ples. The  sepa ra te  coa l d u s t and  D PM  sam p les  h ad  D  band  po s itio n s  a t 1353cm '1 and  
1335cm '1 w ith  w id th s  o f  1 18cm '1 and  154cm '1 re spec tive ly . The  D  band  p o s itio n  fo r  th e  
m ix tu re  s tandard s  s tud ied  h e re  v a ried  from  1339cm '1 to  1 353cm '1. W ith  th e  ex cep tio n  o f  
th e  sam p le  w ith  2 1 4 p g  D PM  and  140p,g coal dust, w h ich  h ad  a  D  band  p o s itio n  o f  
1339cm '1. A ll sam p les  ap p ea r  to  have  D  band  po s itio n s  c lo se r  to  th a t o f  a  coa l d u s t 
sam p le  ra th e r  th an  a  D PM  sam p le . Th is  m ay  be  due  to  th e  fa c t th e  coal d u s t sp ec tra  a re  
m o re  in ten se  th an  D PM  spec tra  (as d iscu ssed  in  sec tion  3 .5 .4 ). T h e  D  b andw id th s  o f  
m ix tu re  sam p les  v a ried  from  104-151 cm '1.
5 .3 .6 . T h e  f i r s t  P L S  c a l ib r a t io n  m o d e l c a lib r a t io n  o f  m ix tu r e  c o a l d u s t  a n d  D P M  
s am p le s
5 .3 .6 .1  I n t r o d u c t io n
The av a ilab ility  o f  m ixed  s tandard  sam p les , w ith  know n  am oun ts  o f  D PM  and  coal du st, 
m ade  it p o ss ib le  to  p roduce  a  se t o f  sp ec tra  to  be  u sed  fo r a  PLS m odel.
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In th e  p rev io u s  sec tion , th e  s tandard  d ev ia tio n  o f  spec tra l a reas  o f  10 rep lica tes  fo r 
m ix tu re  sam p les  w as de te rm ined  to  be  a s  la rg e  as a lm o s t 22% . A lso , a  w id e  d is trib u tio n  
in th e  PCA  ob se rva tion s  fo r coal d u s t sp ec tra  h ad  b een  observed . T hese  re su lts  suggested  
th a t u s ing  th e  cu rren t p a ram ete rs  (X5 ob jec tiv e , 400 s  scan tim e  and  100%  la se r pow er) 
w ou ld  re su lt in a  PLS m ode l w ith  p o o r  p red ic tiv e  accu racy . H ow ever, a lthough  tim e  
consum ing , it w as  u sefu l a t th is  stage  to  ana ly se  th e  m ix tu re  s tandard s  to  d e te rm in e  i f  
s im ila r re su lts , to  th e  separa te  sam ples, w e re  ob ta in ed . The  u se  o f  th e  m ix tu re  s am p les ’ 
spec tra  fo r a  PLS m ode l gave  va lu ab le  experience  a t p e rfo rm ing  PLS  ca lib ra tion s . Th is  
a lso  h e lp ed  u s  becom e  fam ilia r w ith  th e  ope ra tion  o f  th e  G ram s PLS -P lu sIQ  ch em om etic  
so ftw are . T h is  so ftw are  h ad  th e  cap ab ility  o f  o u tpu ttin g  a  p le th o ra  o f  in fo rm ation  
p e rta in in g  to  a  deve loped  m ode l. T h is  in fo rm ation  in c luded  spec tra l/concen tra tion  
re s idua ls , t- te s ts , f- te s ts  etc. H ow ever, fo r  th e  in itia l PLS m ode ls  w e  w ere  on ly  in te re sted  
in u s ing  th e  PR ESS  p lo t to  d e te rm ine  th e  n um be r o f  fac to rs  to  b e  u sed  fo r th e  m ode l and  
th e  ac tu a l v e rsu s  p red ic ted  concen tra tion  p lo ts  to  in vestig a te  th e  p red ic tiv e  accu racy  o f  
th e  m odel. W hen  th e  ac tu a l v e rsu s  p red ic ted  concen tra tio n  p lo ts  ind ica ted  th a t a  m ode l 
w ith  adequa te  p red ic tiv e  capab ility  h ad  been  deve loped  w e  in vestig a ted  th e  add itio n a l 
in fo rm atio n  ava ilab le  from  th e  so ftw are . W e a lso  w a ited  un til th is  fina l m ode l h ad  b een  
deve loped  b e fo re  te s tin g  its p red ic tiv e  accu racy  w ith  a  m ix tu re  sam p le(s) w ith  k n ow n  
lo adings , w h ich  w ere  no t u sed  in th e  d ev e lopm en t o f  th e  m odel.
5 .3 .6 .2  E x p e r im e n ta l
PLS m ode ls  w e re  con stru c ted  u sing  all th e  rep lica te  sp ec tra  fo r each  m ix tu re  sam p le  
lis ted  in  ta b le  5 .3 .19 . 60  sp ec tra  in  to ta l w e re  u sed  fo r th e  m ode l. The  concen tra tio n s  fo r 
each  sam p le  w e re  n o rm a lised  acco rd ing  to  th e  re spon se  on  th e  day  th ey  w e re  ana ly sed , 
u s ing  th e  ca lib ra tion  m e thod  ou tlin ed  in sec tion  5 .3 .5 .2  (u s ing  th e  5 2 0 cm '1 b and  o f  
c ry sta ll in e  silicon ). A  PLS  m ode l w as  con stru c ted  u s in g  th e  G ram s32  PL Sp lu s /IQ  
so ftw are . The  spec tra  w ere  b ase lin e  co rrec ted , m ean  cen tred , th e  w ho le  spec tra l rang e  
w as u sed , 10 fac to rs  w e re  ca lcu la ted  and  c ro ss-v a lid a tio n  w as  app lied .
1 3 4
5 .3 .6 .3  R e s u l t s  a n d  d is c u s s io n s
The D PM  and  coal d u s t load ings fo r each  m ix tu re  w e re  no rm a lised , acco rd ing  to  th e  
average  in teg ra ted  a rea  o f  th e  5 2 0 cm '1 Si p eak , fo r th e  p a rtic u la r  day  each  sam p le  w as  
analy sed . The  com ponen t co n cen tra tio n s  in pu t in to  th e  d a ta  se t fo r  each  m ix tu re  sam p le  
is show n  in  tab le  5 .3 .19 .
S am p le D PM  W e ig h t  
(fig)
N o rm a lis e d  D PM  
W e ig h t  (p g )
G oa l D u s t  W e ig h t N o rm a lis e d  
C o a l D u s t  
W e ig h t  (p g )
1 66 91 440 608
2 214 338 140 211
3 299 299 123 123
4 162 231 118 168
5 251 335 78 104
6 159 212 234 312
T a b le  5 .3 .19 : M ix tu re  stanc ard s D PM  and  coal d u s t lo ad ings and  th e ir  no rm a lised  v a lu es
u sed  fo r th e  PLS m odel
From  th e  PRESS  p lo ts , in  figu res  5 .3 .8  and  5 .3 .10 , 3 fac to rs  w ere  cho sen  fo r  th e  D PM  
ana ly sis  and  2  fac to rs  fo r th e  coa l d u s t spec tra . The  ac tu a l v e rsu s  p red ic ted  con cen tra tio n  
p lo ts  fo r  th e  PLS m ode l a re  show n  in  fig u res  5 .3 .9  and  5 .3 .11 . The  R 2 v a lu es  fo r  D PM  
and  coa l d u s t w ere  0 .865  and  0 .7625  re spec tive ly .
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Fac to r  N o.
Figure 5.3.8: PLS PRESS  p lo t fo r the  D PM  com ponen t
F ig u r e  5 .3 .9 : A c tu a l v s  P red ic te d  C on cen tra tio n  P lo t fo r  D PM
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a v era g e  td f . l  (R ecom m ended  #  fa c to rs  = 2)
Facto r  No.
Figure 5.3 .1 0 : PLS PRESS  p lo t fo r th e  coal dust com ponen t
F ig u r e  5 .3 .1 1 : A c tu a l v s  P red ic te d  C on cen tra tio n  P lo t fo r C o a l D u s t
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The  R 2 v a lu es  fo r bo th  th e  D PM  and  coa l concen tra tion  p lo ts  show  th a t th e  cu rren t PLS  
p lo t is n o t accu ra te  enough  fo r p red ic tin g  th e ir  concen tra tion s . Th is  low  R 2 is  la rg e ly  due  
to  th e  la rg e  d is tan ces  be tw een  th e  ob serv a tion s . T h is  la rg e  separa tion  b e tw een  th e  
o b se rv a tio n s  cou ld  be  due  to  p o o r rep roduc ib ility  o f  e ith e r  th e  spec tra l shapes  o r 
in teg ra ted  areas . I f  a  re liab le  m ode l w e re  to  be  d ev e lop ed  it w ou ld  b e  n ecessa ry  to  
im prove  th e  rep roduc ib ility  o f  bo th .
5 .3 .7  I n v e s t ig a t io n  o f  th e  e f f e c t  o f  s a m p le  r o ta t io n  o n  in t e g r a te d  s p e c t r a l  a r e a  
r e p r o d u c ib il it y
From  th e  h igh  s tandard  dev ia tion  o f  th e  m ix tu re  sam p les  in teg ra ted  spec tra l a reas  and  th e  
large sca tte r o f  th e  po in ts  in  th e  actual v e rsu s  p red ic ted  p lo t from  th e  PLS  m ode l, in  th e  
p rev iou s  sec tion , it w as  ev id en t th a t a  n ew  stra tegy  w as  requ ired  to  im p rove  th e  
rep roduc ib ility  o f  th e  sp ec tra  co llec ted , i f  a  re liab le  m odel w as to  b e  d eve loped .
In sec tion  5 .3 .3  th e  rep roduc ib ility  o f  th e  in teg ra ted  spec tra l a reas  w as d ram a tic a lly  
im p roved  by  in c reasing  th e  la se r spo t s ize  from  app rox im a te ly  2pm , w ith  th e  X 50  
ob jec tiv e , to  abou t 3 0 pm , w ith  th e  X5 ob jec tiv e . Th is  w o rk  in d ica ted  th a t  in c reas ing  th e  
a rea  s am p led  even  m o re  w ou ld  im prove  th e  rep roduc ib ility  o f  th e  in teg ra ted  spec tra l 
a reas , even  fu rther. U n fo rtuna te ly , th e  X 5 ob jec tiv e  w as th e  low est m agn ifica tion , w ith  
th e  la rgest la se r spo t s ize , av ailab le . O ne  m e thod  th a t w ou ld  increase  th e  a re a  sam p led  
w as  ro ta tin g  th e  sam p le  du ring  analysis . So, th e  n ex t s tage  o f  th e  p ro je c t w as  to  
in vestig a te  i f  ro ta tin g  th e  sam p le  du ring  ana ly sis  w ou ld  im p rove  th e  in teg ra ted  sp ec tra l 
a reas fo r th e  m ix tu re  sam p les .
5 .3 .7 .2  E x p e r im e n ta l
A  ro ta tin g  stage  w as  desig ned  to  fit d irec tly  u n d e r th e  R am an  m ic ro scope , w h ich  h ad  a  
level sam p le  h o ld e r  la rg e  enough  to  accom m oda te  a  2 .5 cm  qua rtz  fib re  filte r. A  9v  m o to r  
revo lv ing  a t 12rpm  pow ered  th is  appara tu s . E ach  o f  th e  m ix tu re  sam p les  ana ly sed  in 
sec tion  5 .3 .5  (see  ta b le  5 .3 .11 ) w ere  reana ly sed  u s ing  th e  sam e p a ram ete rs  (X5  o b jec tiv e ,
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400s scan  tim e  and  100%  la se r pow er) b u t th e  sam p le  w as  ro ta ted  du ring  analy sis . 10 
rep lica te  sp ec tra  w ere  aga in  taken  o f  each  sam ple. E ach  sp ec trum  w as  tak en  a t a  d iffe ren t 
p o in t on  th e  f ilte r  u s in g  th e  sam e sam p ling  p ro cedu re  as in  sec tion  5 .3 .1 .2 . The  in teg ra ted  
spec tra l a reas  o f  th e  re su ltan t sp ec tra  w ere  m easu red  and  th e ir  s tandard  dev ia tion s  
com pared  to  th e  s tandard  d ev ia tio n  o f  th e  sp ec tra  in  sec tio n  5 .3 .5 , w he re  th e  sam p les  
w ere  n o t ro ta ted .
5 .3 .7 .3  R e s u lts  a n d  d is cu s s io n
S am p le  No.* S ta n d a rd  d e v ia t io n  o f  In te g r a te d  
a r e a  (% )  S ta t io n a ry  A n a ly s is
S ta n d a r d  d e v ia t io n  o f  I n te g r a te d  
a r e a  (% )  R o ta t in g  A n a ly s is
1 21.8 12.1
2 21.1 19.2
3 4 .9 15.9
4 14.1 10.1
5 13.3 21 .9
6 21 .8 10.1
T a b le  5 .3 .2 0: C om parison  o f  va riance  o f  in teg ra ted  a reas  fo r s ta tionary  and  ro ta tin g
analy sis
* S e e  t a b l e  5 .3 .1 1  f o r  s a m p le  l o a d in g s
The s tandard  d ev ia tion  o f  in teg ra ted  spec tra l a reas  fo r bo th  th e  sam p les  ana ly sed  in  a  
s ta tionary  p o s itio n  and  sam p les  analy sed  w h ile  ro ta ting , a re  show n  in ta b le  5 .3 .20 . T he  
s tandard  d ev ia tio n  dec reased  fo r som e sam p les  w hen  ro ta ted  b u t it a lso  in c reased  fo r 
o th e r sam p les . So, n o  s ig n ifican t im p rovem en t in  th e  rep roduc ib ility  o f  in teg ra ted  
spec tra l a reas  w as  ob serv ed , w hen  ro ta tin g  th e  sam p les . H ow eve r, th is  fa ilu re  to  im p rove  
th e  rep roduc ib ility  by  ro ta tin g  th e  sam p le  m ay  have  b een  due  to  p o o r design  o f  th e  
ro ta ting  s tage . The  la se r spo t from  th e  m ic ro scope  w as  fo cu sed  a lm o s t ex ac tly  on  th e  
cen tre  o f  th e  s tage , w h ich  re su lted  in  a  v e ry  sm all a re a  b e in g  ana ly sed  on  th e  filte r. T h e  
d iam e te r o f  th e  c irc le  covered  w as in th e  o rd e r o f  ab ou t 5 0pm . It w as  n o t p o ss ib le  to  
ad ju st th e  s tage  to  cov er a  la rge r a rea  o f  th e  sam ple . U sin g  th e  fo rm u la  fo r the  
c ircum ference  o f  a  c irc le  (27ir) and  a  spo t s ize  o f  a round  3 0 pm 2, th e  e s tim a ted  sam p le
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a rea  w as app rox im a te ly  4 7 00pm  . T h is  w as  an  im p rovem en t o f  th e  o rig ina l 3 0 pm  
sam ple  area, fo r th e  s ta tionary  analy sis . H ow ever, from  th e  resu lts  it is o bv iou s  th a t  th e  
increase  in  th e  a rea  w as  no t s ign if ic an t enough  to  im p rove  th e  rep roduc ib ility  o f  th e
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spectra l a reas . There fo re , it w as  necessa ry  to  m od ify  th e  ro ta tin g  stage  to  in c rease  th e  
sam ple  a re a  fu rth e r and  investig a te  i f  th is  in c reased  sam p le  a rea  w ou ld  h ave  th e  d es ired  
effec t o f  im p rov ing  th e  spec tra l a rea  rep roduc ib ility .
5 .3 .8  F u r th e r  in v e s t ig a t io n s  in to  th e  e f f e c t  o f  s a m p le  r o ta t io n  o n  in t e g r a te d  s p e c t r a l  
a r e a  r e p r o d u c ib i l i t y
5 .3 .8 .1  I n t r o d u c t io n
In th e  p rev io u s  sec tion  it w as  suggested  th e  sm all in c rease  in  th e  sam p led  a rea , w hen  
using  th e  cu rren t ro ta tin g  stage, m ay  h av e  been  th e  rea son  fo r  th e  fa ilu re  to  im p rove  th e  
rep roduc ib ility  o f  spec tra l a reas , w hen  ro ta tin g  th e  sam ple . T h is  sec tion  in vo lv es  w o rk  
carried  ou t w hen  ro ta tin g  th e  sam ple  u s ing  a  m od if ied  v e rs io n  o f  th e  o rig inal ro ta tin g  
stage , w h ich  cou ld  be  ad ju sted  to  g ive  a  la rge r c irc le  area .
5 .3 .8 .2  E x p e r im e n ta l
The  sp inn ing  stage  w as  se t up  so  th a t its cen tre  w as  app rox im a te ly  0 .75cm  from  th e  
cen tre  o f  th e  m ic ro scope  cen tre . T h is  re su lted  in a  c irc le  w ith  a  rad iu s  o f  0 .7 5cm  b e ing  
sam pled  on  th e  filte r. 5 m ix tu re  sam p les , w h ich  h ad  b een  p rev iou s ly  ana ly sed  in  sec tio n s  
5 .3 .6  and  5 .3 .7  (see  tab le  5 .3 .1 1 ), w ere  reana ly sed  u s in g  th e  sam e in s trum en t p a ram e te rs  
(X5 ob jec tiv e , 4 00 s  scan  tim e  and  100%  la se r pow er) and  th e  n ew  stage  se t up . The  
c ircum ference  o f  th e  sam p led  a rea  w as  4 7 0 ,0 00pm  and  th e  la se r spo t s ize  w as  
app rox im ate ly  3 0pm . T here fo re , th e  sam p led  a rea  w as  app rox im a te ly  1 ,400 ,000pm 2, 
w h ich  w as  a  v a s t in c rease  on  th e  o rig inal 3 0 pm  sam p le  area , w hen  no  ro ta tin g  s tag e  w as  
em ployed . T h is  tim e  th e  10 ‘rep lic a te ’ o r  rep ea t sp ec tra  w e re  tak en  a t th e  sam e p o s itio n  
on  th e  filte r, u n lik e  th e  p rev io u s  w o rk  w he re  each  sp ec trum  w as  tak en  a t a  d iffe ren t p o in t 
on  th e  filte r. Th is  a llow ed  th e  au tom atic  co llec tion  o f  each  spec trum  becau se  it w a s  n o t 
necessa ry  to  m ove  th e  f ilte r  and  re fo cus th e  la se r a f te r  each  scan. T he  s tanda rd  d ev ia tio n s  
o f  th e  spec tra l a reas  fo r th e  10 spec tra  o f  each  sam p le  w ere  ca lcu la ted  and  com pared  to  
th e  s tandard  dev ia tion  o f  sp ec tra  taken  w ith ou t ro ta tin g  th e  sam ple .
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5 .3 .8 .3  R e s u l t s  a n d  d is c u s s io n
A s s ta ted  in th e  experim en ta l sec tion , th e  spec tra l so ftw are  w as  se t up  to  c o lle c t and  save  
10 spec tra  o f  each  sam p le  au tom atica lly . Th is  p ro cess  to o k  app rox im a te ly  5 hou rs  p e r  
sam ple. So, th e  op e ra to r w as  free  to  p e rfo rm  o th e r ta sk s , in  b e tw een  each  sam p le  
analysis , w h ile  th e  in s trum en t co llec ted  spec tra . The  10 sp ec tra  w ere  saved  as one  la rg e  
file  w ith  th e  la s t spec trum  taken  p re sen t in  th e  v iew ing  a rea , w hen  th e  o p e ra to r re tu rn ed  
to  change  th e  sam p le . These  ty pes  o f  f ile s  a re  ca lled  m u lti files. T hey  can be  sp lit o r  
separa ted  in to  th e  in d iv idua l spec tra  w hen  necessa ry . W hen  th e  m u lti files  in  th e  p re sen t 
s tu dy  w ere  sp lit in to  ind iv idua l spec tra , it  w as  ob se rv ed  th a t th e  firs t 1 o r  2  sp ec tra  o f  th e  
10 rep lica te  spec tra , o f  som e  sam ples, h ad  unu sua l b a se lin e  anom alies . These  b ase lin e  
anom alie s  w e re  a ttribu ted  to  changes in  th e  flu o rescence  leve ls  du ring  analy sis . A  
po ssib le  exp lana tion  fo r a  change  in th e  flu o rescence  leve ls  is th e  b um  o f f  o f  ad so rb ed  
o rgan ic  m a te ria l b ecau se  o f  sam p le  heating , due  to  la se r h ea tin g  du ring  th e  ana ly sis . T h is  
m ay  no t h ave  been  observed  p rev iou s ly  becau se  th e  sam p les  w ere  in itia lly  ana ly sed  w hen  
s ta tio nary  and  th e  o rgan ic  m ate ria l w ou ld  h ave  b een  bu rn ed  o f f  a lm o s t in s tan taneou sly . 
A lso , th e  firs t analy sis  u s ing  th e  ro ta tin g  stage  cov ered  a  v e ry  sm all a rea  (app rox  
4 ,5 00pm 2) com pared  to  th e  a rea  sam p led  fo r th is  w o rk  (1 ,400 ,000pm 2). So, th e  o rgan ic  
m ate ria l w ou ld  h ave  been  bu rned  o f f  m uch  qu icker. E x am p le  raw /unp ro cessed  sp ec tra  o f  
a m ix tu re  sam p le  w ith  159pg  D PM  and  2 3 4 p g  coal d u s t a re  show n  in  spec trum  5 .3 .4 .
The b lu e  spec trum  is a  sp ec trum  w ith  th e  desc rib ed  b ase lin e  anom alies . T h e  red  sp ec trum  
is a  typ ic a l u np rocessed  spec trum  co llec ted  a f te r  th e  ad so rb ed  o rgan ic  m a te ria l h ad  b e en  
bu rned  o f f  due  to  severa l h o u rs  expo su re  to  th e  la se r beam .
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S p e c trum  5 .3 .4 : S pec tra  o f  159pg  D PM  and  2 3 4 p g  coal d u s t m ix tu re  w ith  and  w ith ou t
b ase lin e  anom alies
A no th e r o b serv a tion  o f  spec tra  taken  u sing  th e  m od if ied  ro ta ting  stage  is th e  p re sen ce  o f  
bands from  th e  la ser p la sm a  lines (as d iscu ssed  in ch ap te r 3 sec tion  3 .5 .3 ). W hen  th e  
ana ly sis  w as p e rfo rm ed  w ithou t th e  use  o f  a  ro ta ting  s tage , th e  la ser w as fo cused  on to  one  
a rea  o f  th e  filte r and  rem ain ed  in fo cus th e re  th roughou t th e  analys is . H ow ever, w hen  
ana ly sing  th e  sam p les  u s ing  a  ro ta ting  s tage  it is in ev itab le  th a t th e  sam p le  w ill m ov e  in 
and  o u t o f  fo cus du ring  th e  analy sis , esp ec ia lly  since  th e  substra te  is n o t ex trem ely  fla t. 
This w ou ld  re su lt in, th e  la se r be ing  focused  on to  th e  qu a rtz  fibre  filte rs  a t ce rta in  tim es  
du ring  th e  analy sis , re su lting  in an  increase  in th e  la se r ligh t b e in g  re fle c ted  b ack  up  th e  
m ic ro scope  and  a lso  an  in c rease  in th e  la se r p la sm a  line  s igna l reach ing  th e  de tec to r.
It w as no t po ss ib le  to  u se  a ll o f  th e  spec tra , co llec ted  in th is  study, fo r ca lcu la tin g  th e  
s tandard  dev ia tion  o f  th e  spec tra l a reas o f  each  sam p le  b ecau se  o f  th e  b a se lin e  an om a lie s  
d iscu ssed  earlie r. In to ta l th e  in teg ra ted  spec tra l a reas  o f  43 o u t o f  th e  50  sp ec tra  w e re  
m easu red . T he  sam ple  com position s, num ber o f  m easu red  sp ec tra  fo r each  sam p le  and  
th e  s tandard  d ev ia tio n  o f  th e ir  in teg ra ted  a reas  a re  show n  in tab le  5 .3 .21 .
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S am p le D PM  (p g ) C o a l D u s t  (p g ) N um b e r  o f  
S p e c tra
S ta n d a r d  
D ev ia tio n  (% )
1 214 154 5 10
2 299 123 9 4 .7
3 156 139 9 4 .4
4 251 78 10 1.9
5 159 234 10 1.7
T a b le  5 .3 .21 : D PM  and  coal d u s t m ix tu re  sam p le  lo ad ings, n um be r o f  sp ec tra  and  th e  
s tandard  dev ia tion  o f  th e ir  in teg ra ted  spec tra l a reas
A  com parison  o f  th e  s tandard  dev ia tion  o f  th e  in teg ra ted  spec tra l a reas  fo r  th e  m ix tu re  
coal and  D PM  sam p les  fo r th e  s ta tionary  ana ly s is  and  th e  ana ly s is  u s ing  th e  m od ified  
ro ta tin g  stage  is show n  in  tab le  5 .3 .22 .
S am p le  N o .* S ta n d a rd  d e v ia t io n  o f  I n te g r a te d  
a r e a  (% )  S ta t io n a ry  A n a ly s is
S ta n d a rd  d e v ia t io n  o f  I n te g r a te d  
a r e a  (% )  R o ta t in g  A n a ly s is
1 21.1 10.0
2 4 .9 4 .7
3 14.1 4 .4
4 13.3 1.9
5 21.8 3.7
T a b le  5 .3 .22 : C om parison  o f  v a rian ce  o f  in teg ra ted  a reas  fo r s ta tionary  and  ro ta tin g
analysis*
* S e e  t a b l e  5 .3 .1 8  f o r  s a m p le  l o a d in g s
In c reas ing  th e  sam p le  area , w ith  th e  m od ified  ro ta tin g  s tage , re su lted  in  a  m arked  
im p rovem en t in  th e  s tandard  d ev ia tion  o f  th e  in teg ra ted  spec tra l a reas  o f  a ll sam p les . In  
fac t, a ll h ad  v a lu es  o f  10%  o r  less . I t m u s t be  no ted  th a t th e  rep lica te  sp ec tra  h e re  w ere  
ta k en  a t th e  sam e p o in t on  th e  filter. U ndoub ted ly , rep ea t sam p ling  o f  th e  sam e a re a  fo r 
each  sp ec trum  w ill h ave  a lso  h e lp ed  im p rove  th e  rep roduc ib ility  o f  th e  spec tra l a reas . 
O n ly  5 sp ec tra  o f  sam p le  1 w ere  m easu red  b ecau se  th e  o th e r  5 o f  th e  10 rep lica te  sp ec tra  
su ffe red  from  th e  a fo rem en tioned  base lin e  anom alie s . The  s tandard  d ev ia tio n  o f  th e se  
sp ec tra  w as 10% . In  all p robab ility , i f  10 sp ec tra  w ere  ava ilab le  fo r th is  sam p le  th ey  to o  
m igh t h ave  h ad  a  s tandard  dev ia tion  o f  le ss  th an  5% , like  th e  re s t o f  th e  sam p les . A  se t o f  
sp ec tra  w ith  adequa te  rep roduc ib ility  in  in teg ra ted  spec tra l a reas  w as n ow  av a ilab le  fo r 
con stru c ting  a  PLS m odel.
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5 .3 .9  P L S  m o d e l u s in g  s p e c t r a  c o l le c t e d  fr om  m ix tu r e  c o a l  a n d  D P M  s am p le s  u s in g  
th e  m o d if ie d  r o ta t in g  s t a g e
5 .3 .9 .1  I n t r o d u c t io n
In  th e  p rev iou s  sec tion  th e  s tandard  d ev ia tio n  o f  th e  sp ec tra l a reas  o f  m ix tu re  sam p les  
w as redu ced  from  a  rang e  o f  4 .9  to  2 1 .8%  dow n  to  b e tw een  1.9 to  10% , b y  em p loy ing  th e  
u se  o f  a  ro ta tin g  s tage . W e n ow  exp lo re  w h e th e r an  im p rovem en t in  th e  p rec is ion  o f  
o b serva tion s  in a  PLS m ode l co in c id es  w ith  th is  s ig n ific an t im p rovem en t in spec tra l a re a  
rep roduc ib ility . I f  th e re  is no  m arked  im p rovem en t, it  in d ica tes  th a t th e  v a ria tio n  o f  th e  
spec tra l a reas  w as  n o t so le ly  re spon sib le  fo r th e  la rge  sp read  in  th e  o b se rv a tion s  b u t th a t 
th e re  w ere  a lso  d iffe rences  b e tw een  sp ec tra  due  to  th e ir  shapes.
5 .3 .9 .2  E x p e r im e n ta l
The sam p le  concen tra tion s  w ere  no rm a lised  u sing  th e  in teg ra ted  spec tra l a reas  o f  th e  
5 2 0 cm '1 band  o f  a  c lean , fla t p iece  o f  c ry sta ll in e  s ilicon , a s  de sc rib ed  in  sec tion  5 .3 .5 .
The  sp ec tra  co llec ted  in  th e  p rev io u s  sec tion  w ere  en te red  in to  th e  chem om etric  so ftw are  
and  a  PLS m ode l con stru c ted . The  sp ec tra  w ere  b a se lin e  co rrec ted , m ean  cen tred , th e  
w ho le  spec tra l range  w as  u sed , 10 fac to rs  w e re  c a lcu la ted  and  c ro ss-v a lid a tio n  w as  
app lied .
5 .3 .9 .3  R e s u l t s  a n d  d is c u s s io n
The D PM  and  coal d u s t lo ad ings fo r each  m ix tu re  w e re  no rm alised , acco rd ing  to  th e  
average  in teg ra ted  a rea  o f  th e  5 2 0 cm '1 Si p eak , fo r th e  p a rtic u la r  day  each  sam p le  w as  
analysed . The  com ponen t concen tra tion s  in pu t in to  th e  d a ta  se t fo r each  m ix tu re  sam p le  
is show n  in tab le  5 .3 .23 . F rom  th e  PRESS  p lo ts , in figu res  5 .3 .1 2  and  5 .3 .1 4 , 3 fac to rs  
w ere  cho sen  fo r th e  D PM  analy sis  and  3 fac to rs  fo r th e  coal d u s t spec tra . The  ac tu a l 
v e rsu s  p red ic ted  p lo ts  fo r th e  PLS  m odel a re  show n  in  g raph s  5 .3 .13  and  5 .3 .15 . T he  R 2 
v a lu es  fo r D PM  and  coa l d u s t w ere  0 .67 and  0 .817  re spec tiv e ly .
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S am p le D PM  W e ig h t  
(P g )
N o rm a l is e d  D PM  
W e ig h t  (p g )
C o a l  D u s t  W e ig h t  
(P g )
N o rm a l is e d  
C o a l  D u s t  
W e ig h t  (p )
1 214 210 154 151
2 299 271 123 111
3 162 210 118 151
4 251 225 78 70
5 159 159 234 234
T a b le  5 .3 .2 3 : M ix tu re  s tanda rd s’ D PM  and  coal dust lo ad ings and  th e ir  no rm a lised
values u sed  fo r the  PLS m odel








P red ic ted /A ctu a l Coal D ust concen tra tion  (jag)
F ig u r e  5 .3 .1 3 : A ctual vs P red ic ted  Concen tra tion  P lo t fo r D PM
Facto r No.
F ig u r e  5 .3 .1 4 :  PLS  PR E SS  p lo t  fo r  th e  D PM  com p o n en t
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n s q u a r tz .t d f. 1  (R * =  0  8 1 7 0 6 1 8 8 2 )
F ig u r e  5 .3 .15 : Coal dus t actual concen tra tion  versus  p red ic ted  concen tra tion  p lo t
The large varia tion  in the  ac tu al concen tra tion  versu s p red ic ted  concen tra tion  
observ ations does no t co rre la te  w ell w ith  the low  standard  d ev ia tions  o f  b e tw een  1.9 to 
10%  fo r the  in teg ra ted  spectra l areas. This  ind icates  tha t th e  shapes  o f  th e  spec tra  are v e ry  
d ifferen t (in  PLS  term s) for each  rep lica te  o f  a sam ple. I f  a  re liab le  PLS  m ode l w as to  be  
developed  it w as n ecessa ry  to  im prove  the  rep roduc ib ility  o f  th e  spec tra l shapes. The 
w ork  in  the  n ex t tw o sec tions concen tra te s on th is  cha llenge.
5 .3 .10  I n v e s t ig a t io n s  in to  im p ro v in g  th e  r e p r o d u c ib i l i t y  o f  c o a l  d u s t  a n d  D PM  
s p e c t r a l  s h a p e s
F rom  the  w o rk  ca rried  ou t in  sections 5.3 .8  and  5 .3 .9  it w as conc luded  th a t th e  shapes o f  
d ifferen t spec tra  o f  the  sam e sam ple  are s ign ific an tly  d iffe ren t. Som e o f  the  sp ec tra  w ere  
sub jec t to  b ase lin e  anom alies, w h ich  w as po ss ib ly  due to changes in th e  f luo rescence  
levels  b ecause  o f  b um  o f f  o f  adsorbed  o rgan ic  m ateria l. This  m ay  have  b een  due  to  th e  
lase r h ea ting  the  sam ple  du ring  analysis . F o r som e o f  the  sam p les  the  firs t few  spec tra  
had  to be  d isca rded  due to these b ase lin e  anom alies. The  e ffec t o f  th e  chang ing
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flu o re sc en c e  le v e ls  d e c re a se d  w ith  e a ch  sp ec trum , as  th e  la s e r  g ra d u a lly  b u rn e d  o f f  th e  
a d so rb ed  o rg an ic s , u n til  e v en tu a lly  th e  sp e c tra  a p p ea re d  to  b e  u n a ffe c ted . T h e  p o in t  a t 
w h ic h  th e  sp e c tra  a p p e a r  u n a ffe c ted  is  d e c id e d  b y  com p a r in g  th em  to  sp e c tra  c o lle c te d  
w ith o u t th e  u s e  o f  a  ro ta tin g  s tag e . F o r  w h ic h , th e  a d so rb ed  o rg a n ic s  w e re  b u rn e d  o f f  
a lm o s t im m ed ia te ly . T h e re fo re , th is  p o in t  is  d e c id ed  b y  c om p a r in g  th e  s p e c tra  b y  u s in g  
th e  so -c a lle d  “ sp e c tro s c o p is t ey e ” . H ow ev e r , c h em om e tr ic s  is  th e  te c h n iq u e  b e in g  u se d  
h e re  to  d is tin g u ish  b e tw e e n  d if fe re n t c om po n en ts  a n d  to  d e te rm in e  th e  am o u n t o f  e a ch  
p re sen t. T h e  re a so n in g  fo r  u s in g  c h em om e tr ic s  fo r  th is  p ro je c t  w a s  fo r  its  s u p e r io r  a b ility  
to  d is tin g u ish  b e tw e e n  v e ry  s im ila r  sp ec tra , c om p a red  to  tra d it io n a l sp e c tro s c o p ic  
c om pa r iso n s . T h e re fo re , i t  is  p o s s ib le  th a t  a t th e  p o in t  w h e re  th e  sp e c tra  a p p ea r , to  th e  
sp ec to sco p is t, to  b e  u n a ffe c te d  b y  th e  b u m  o f f  o f  o rg an ic s , th a t  th e y  a re  s til l  c h an g in g  
su ff ic ie n tly  fo r  c h em om e tr ic  m e th o d s  to  d e te c t a  d if fe ren c e  in  th e ir  sh ap e .
T h e  a im  in  th is  s e c tio n  is  to  d e v e lo p  a  m e th o d  o f  c o lle c tin g  sp e c tra  th a t d o  n o t  c h an g e  
su ff ic ie n tly  in  sh ap e  fo r  P L S  to  d e te c t a  d iffe ren ce . O n e  p o s s ib le  m e th o d  is  to  c o n tin u e  
co lle c tin g  sp e c tra  u n til  a ll th e  o rg an ic  m a te r ia l h a s  b e e n  b u rn e d  o ff . H ow ev e r , th is  m a y  
ta k e  a  lo n g  tim e . A lso , th e  d if fe ren c e  in  sp ec tra l sh ap e s  b e c a u s e  o f  th e  g ra d u a l b u m  o f f  o f  
o rg an ic  is  o n ly  o n e  p o s s ib le  e x p la n a tio n  an d  u s in g  su ch  a  m e th o d  m a y  n o t  b e  u s e fu l fo r  
c o n firm in g  o r  re fu tin g  th is  p o s tu la tio n . A n o th e r  m e th o d  th a t w a s  c o n s id e re d  w a s  u s in g  a  
s low e r  ro ta tio n  sp e ed  th a n  th e  cu rre n t 9 rpm . T h is  w o u ld  re s u lt  in  th e  la s e r  b e in g  fo c u sed  
o n  a  p a r tic u la r  a re a  fo r  a  lo n g e r  tim e  a n d  c o u ld  p o s s ib le  in c re a se  th e  tem p e ra tu re  o f  th e  
sam p le  s u ff ic ie n tly  to  b u m  o f f  th e  o rg an ic s  m o re  q u ick ly . Y e t  a n o th e r  p o s s ib i l i ty  w a s  to  
h e a t th e  s am p le s  to  a  tem p e ra tu re  th a t  c o u ld  n o t p o s s ib ly  b e  re a ch e d  d u e  to  h e a tin g  f rom  
th e  la se r. A f te r  s u ch  a  h e a t- tre a tm en t th e  la se r  h e a t  s h o u ld  h a v e  n o  e f fe c t  o n  th e  s am p le  
an d  th e  sp e c tra  w o u ld  n o t  c h an g e  d u e  th e  b u m  o f f  o f  o rg an ic  m a te r ia l. I f  th is  m e th o d  
w o rk e d  it  w o u ld  c o n f irm  th a t  th e  co n tin u in g  b u m  o f f  o f  o rg a n ic  m a te r ia l  is  r e s p o n s ib le  
fo r  th e  d if fe ren t s p e c tra l sh ap e s .
It  w a s  d e c id ed  to  in v e s tig a te  h ow  th e  la tte r  tw o  su g g e s te d  m e th o d s  a f fe c t  th e  
re p ro d u c ib il i ty  o f  sp e c tra l sh ap es . F o r  th e se  s tu d ie s  w e  re v e r te d  to  u s in g  P C A  a n a ly s is  o n  
in d iv id u a l c o a l a n d  d ie se l sam p le s . T h e re  a re  s ev e ra l re a so n s  fo r  fo llow in g  th is  s tra te g y .
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T he  f ir s t re a so n  b e in g  th a t th e  h e a t- tre a tm en t p ro c e ss  is  d e s tru c tiv e  a n d  w e  d id  n o t  w ish  
to  n e ed le s s ly  d e s tro y  th e  m ix tu re  sam p le s  w ith o u t f irs t in v e s t ig a tin g  i f  th e  m e th o d  w a s  
su cc e ss fu l. A lso , P C A  is  le ss  com p lex  an d  le ss  tim e  c o n sum in g  th a n  P L S , a s  i t  re q u ire s  
few e r  s am p le s . In v e s tig a tin g  th e  e ffe c ts  o n  th e  in d iv id u a l c o a l a n d  D PM  sam p le s  w ill  
d e te rm in e  i f  o n e  c om p o n en t is  a ffe c ted  m o re  b y  th e  tre a tm en ts  th a n  th e  o th e r . F in a lly , w e  
a re  ju s t  in te re s ted  in  th e  e ffe c ts  o f  th e  tre a tm en ts  o n  th e  sp e c tra l sh ap e s  a n d  PC A  is  
c ap ab le  o f  d e te rm in in g  th is .
5 .3 .1 0 .2  E x p e r im e n t a l
A  v a ria b le  re s is to r  w a s  f it te d  to  th e  ro ta tin g  s tag e , w h ic h  w a s  c a p ab le  o f  r e d u c in g  th e  
v o lta g e  re a c h in g  th e  m o to r  from  12V  to  4V . T h e  sp e ed  o f  th e  m o to r  c o u ld  th e n  b e  
re d u c ed  from  9 rpm  to  3 rpm . A ll th e  a n a ly se s  in  th is  se c tio n  w e re  p e r fo rm ed  u s in g  a  
ro ta tin g  s tag e  w ith  its  c en tre  0 .7 5 cm  from  th e  la se r  s p o t re su lt in g  in  a  c irc le  o f  0 .7 5 cm  
c irc um fe re n ce  b e in g  sam p led . 10 re p lic a te  s p e c tra  w e re  c o lle c te d  o f  e a c h  s am p le . T h e se  
10 re p lic a te  sp e c tra  w e re  ta k en  a t th e  sam e  p o s it io n  o n  th e  filte r , as  in  s e c tio n  5 .3 .8 . T he  
in s trum en t p a ram e te rs  w e re  th e  sam e  as  th e  p re v io u s  5 s e c tio n s  (X 5  o b je c t iv e , 4 0 0 s  scan  
tim e  an d  100%  la se r  p ow e r) . T he  f irs t e x p e r im en t in v o lv ed  th e  a n a ly s is  o f  a  q u a r tz  f ib re  
f i l te r  lo a d ed  w ith  17 5 p g  D PM  u s in g  th e  sp in n in g  s tag e  ro ta tin g  a t 9 rpm . T h is  s am e  f i l te r  
w a s  re a n a ly s e d  u s in g  th e  sp in n in g  s tag e  ro ta te d  a t 3 rpm . F in a lly , th e  s am e  f i l te r  w a s  h e a t-  
tre a ted  in  a n  o v e n  w ith  an  o x y g en  free  in e r t N 2 a tm o sp h e re . T h e  o v en  w a s  c o n tro lle d  to  
in c re a se  in  tem p e ra tu re  a t 10°C p e r  m in u te  u n til  it re a ch ed  625°C . I t  w a s  h e ld  a t th is  
tem p e ra tu re  fo r  15 m in u te s  and  th e n  a llow ed  to  c o o l to  ro om  tem p e ra tu re . T h e  w h o le  
p ro c e ss  to o k  sev e ra l h o u rs . T h e  h e a t- tre a te d  f i l te r  w a s  a n a ly se d  w h ile  ro ta tin g  a t 9 rpm . 
T h e  sp e c tra  f rom  e a ch  ex p e r im en t w e re  in c o rp o ra te d  in  a  P C A  an a ly s is  a n d  th e  d is ta n c e s  
b e tw een  th e ir  o b se rv a tio n s  com p a red  to  in v e s tig a te  i f  th e  3 rpm  ro ta tio n  a n d /o r  
p e r fo rm in g  th e  h e a t- tre a tm en t im p ro v ed  th e  re p ro d u c ib il i ty  o f  th e ir  s p e c tra l sh ap e s .
T h e  p ro c e s s  w a s  re p e a te d  fo r  a  sam p le  lo ad ed  w ith  2 7 0 p g  o f  c o a l d u s t. T h e  e f fe c ts  o f  th e  
h e a t t re a tm en t o n  th e  sp e c tra  w e re  in v e s tig a te d  b y  c om p a r in g  c u rv e  f its  o f  s p e c tra  o f  th e  
h e a t- tre a te d  D PM  and  c o a l d u s t s am p les  w ith  c u rv e  fits  o f  s p e c tra  o f  u n tre a te d  s am p le s .
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5 .3 .1 0  R e s u l t s  a n d  d i s c u s s io n
Exam ple  spectra  o f  un trea ted  175pg  D PM  on  a quartz  fib re filte r ro ta ting  at 9 and  3rpm  
are show n  in  spec trum  5.3 .5  and  5 .3 .6 respective ly . A n  ex am p le  spec trum  o f  2 4 5pg  D PM  
on a quartz  fib re  filte r h ea t-trea ted  to 625°C in  a n itrogen  a tm osphere  is show n  spectrum
5.3.7.
C o un ts /  R am an S h if t (cm -1 )
S p e c t r u m  5 .3 .5 : 175pg  D PM  on  a quartz fib re  filter, 400s, x5ob j, 100%  lase r pow er, no
hea t treatm en t, ro ta ting  at 9rpm
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C o un ts / R am an S h ift (cm -1 ) 
F i le #  1 : 3R20M IN -1
P aged  X -Z oom  CURSOR  
15-05-01  3:01 PM  Res=None
S p e c t r u m  5 .3 .6 : 175pg D PM  dust on  a quartz  fibre filte r, 400s, x5ob j, 100%  lase r 
pow er, no  h ea t trea tm en t, ro ta ting  at 3rpm
Coun ts / R aman  S h ift (cm -1 ) 
F ile  #  7 : 3R PM 20M IN H EAT7
P aged  X -Z o om  C URSOR  
19-05-01 1 :4 8 PM  R es=None
S p e c t r u m  5 .3 .7 : 175pg  D PM  on a quartz fib re  filter, 400s, x5ob j, 100%  lase r pow er, 
hea t-trea ted  to 625°C in  a N 2  a tm osphere, ro ta ting  at 9rpm
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Score: 1 i t
F ig u r e  5 .3 .1 6 : Sco re  1 versu s  score  2 from  the  PCA  analysis  o f  245|ug D PM  on  a quartz  
fibre filte r, ro ta ting  the  sam ple  at 3rpm  and  9 rpm  w ithou t hea t-trea tm en t and  sp inn ing  at 
9 rpm  after  h ea t trea tm en t to 625°C  in  a N 2  a tm osphere
F rom  the sco re  p lo t in  figu re 5 .3.16  it is ev iden t tha t reduc ing  the  sam ple  ro ta tio n  speed  
from  9rpm  to 3 rpm  does no t sign ifican tly  change the spac ing  b e tw een  th e  observa tion s  
fo r the  10 rep lica te  spectra. So, reducing  the sam ple  ro ta tion  speed  d id  no t im p rove  the 
rep roduc ib ility  o f  th e  spec tral shapes. H ow ever, w hen  th e  sam ple  w as sub jec ted  to  hea t- 
trea tm en t th e  separa tion  b e tw een  the observ a tions  is reduced  sign ifican tly . In  fac t all bu t 
1 o f  the ob serva tion s are b unched  alm ost on  top o f  each  other. This  show s th a t th e  hea t- 
trea tm en t p rocess  re su lted  in  a m arked  change in  the  rep roduc ib ility  o f  spec tra l shapes.
The  spec tra  o f  a 2 7 0 jug coal dus t sam ple ro ta ted  at 9 rpm  and 3 rpm  are show n  in  spec tra  
5 .3 .8 and  5 .3 .9  respective ly . It w as attem pted to h ea t trea t th is  sam ple  bu t th e  n itro g en  
supp ly  to th e  oven  ran  ou t du ring  the p rocess. Th is  re su lted  in  air g e tting  in to  the  oven  
and  the  coal on  the  filte r becom e vo la tised  due to  the  p resence  o f  oxygen . So, th e  PCA  
ana lysis  fo r th is  sam ple  cou ld  on ly  be used for a com parison  o f  sp ec tra  for th e  sam p le  
analysed  ro ta ting  at 9rpm  and  3rpm .
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C o un ts  /  R aman  S h if t (cm -1 )
S p e c t r u m  5 .3 .8 : 2 70pg  coal dust on  a quartz  fib re  filter, 400s, x5ob j, 100%  lase r pow er,
no h ea t trea tm en t, ro ta ting  at 9rpm
C oun ts  /  R aman  S h ift (cm -1 ) 
F ile  #  5 : 3R PM 271CD -6
P aged  X -Z oom  C URSOR  
13-05-01  7 :3 5  PM  R es=None
S p e c t r u m  5 .3 .9 : 270pg  coal dust on  a quartz  fib re  filter, 400s, x5ob j, 100%  lase r pow er,
no hea t treatm ent, ro ta ting  at 3rpm
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S  c o re : i t
F ig u re  5 .3 .17 : Sco re  1 versus  score 2 from  the  PCA  analysis  o f  2 7 0 pg  coal du st on  a 
quartz  fib re  filte r, ro ta ting  the sam ple  at 3rpm  and  9rpm , w ithou t h ea t-trea tm en t
The  1st score versus  the  2nd score  p lo t o f  the  PCA  analysis  o f  coal du st sam p le  ana ly sed  
w h ile  ro ta ting  at 3 and  9rpm  is show n  in figure 5.3 .17. The spacing  b e tw een  the  
observ ations fo r the  sam ple  analysed  w h ile  ro ta ting  at 3rpm  has  changed  from  th e  9rpm  
analysis . How ever, it  does no t appear to have  changed  su ffic ien tly  enough  to  ind ica te  a 
s ign ifican t im p rovem en t in  th e  rep roduc ib ility  o f  spectra l shapes.
A s the  sam ple  used  fo r th e  PCA  ana lysis  com paring  th e  effec t o f  chang ing  the  ro ta tin g  
speed  from  9 to  3rpm  w as destroyed  it w as n ecessa ry  to p e rfo rm  th e  h ea t-trea tm en t 
p rocess  on  a new  sam ple. A  sam ple  w ith  150pg  coal dust w as chosen . This  sam p le  w as 
firs tly  analysed , ro ta ting  at 9rpm , befo re  hea t-trea tm en t. The sam ple  w as  th en  analy sed  
after b e ing  hea t-trea ted  to  625°C fo r 15 m inu tes  in  a N 2  a tm osphere. Exam p le  sp ec tra  fo r 
the sam ple  b efo re  and  after  h ea t-trea tm en t are show n  in  spec tra  5 .3 .10 and 5 .3 .11.
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C o un ts /  R aman  S h if t (cm -1 ) 
F i le #  1 : S 169-6
P aged  X -Z oom  CURSOR  
1/16/01 9 :2 0  PM  Res=None
S p e c t r u m  5 .3 .1 0 : 150|ng coal dust on  a quartz  fib re  filter, no t h ea t trea ted , ro ta ted  at 
9rpm , 400s scan  tim e, x5ob j, 633nm  lase r at 100%  pow er
C o u n ts  /  R am an  
F ile  #  3  :
P ag e d  X -Z o om  
14 /0 6 /2 00 1  16 :01
S p e c t r u m  5 .3 .1 1 : 150pg  coal dust on  a quartz  fibre filter, x5ob j, 400s scan  tim e, 633nm  
lase r at 100%  pow er, h ea t-trea ted  to 625°C, ro ta ting  at 9 rpm
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F ig u r e  5 .3 .1 8 : Score  1 versu s score  2 from  the  PCA  analy sis  o f  150D g  coal du s t on  a 
quartz  fib re  filter, ro ta ting  the  sam ple  at 9rpm  w ithou t hea t-trea tm en t and sp inn ing  at 
9rpm  afte r hea t trea tm en t to 625°C in  a N 2  a tm osphere
The  1st score  versu s the  2nd sco re p lo t o f  the PCA  ana lysis  o f  coal dust sam p le  ana ly sed  
w h ile  ro ta ting  th e  sam ple  at 9rpm  w ithou t h ea t- trea tm en t and  sp inn ing  at 9 rpm  afte r hea t- 
trea tm en t is show n  in  figure  5.3 .18. The hea t-trea tm en t p rocess  appears  to h ave  im proved  
the  spec tral rep roduc ib ility  som ew hat. How ever, th ere  is still a  la rge d is tance  b e tw een  
certain  observa tions. Com paring  th is  PCA  score  p lo t to th e  co rrespond ing  p lo t fo r the  
D PM  (figu re 5 .3 .16) th e  rep roduc ib ility  o f  the  spec tral shapes  o f  th e  coal dus t has  no t 
been  im proved  as s ign if ican tly  as th e  rep roduc ib ility  o f  th e  D PM  spectra l shapes. Th is  is 
no t su rp risin g  as the  D PM  has  a m uch  h igher o rgan ic  con ten t th an  th e  coal dust. So, 
hea ting  o f f  the organ ic  m ate ria l shou ld  affect its sp ec tra  m ore . In  th e  PCA  sco re  p lo ts  o f  
h ea t-trea ted  D PM  and  coal dus t one observation  in  particu la r, for each  p lo t, appears  to  be 
loca ted  m uch  fu rther from  the o thers. O n fu rther in vestig a tion  it w as d iscove red  th a t th is  
observa tion  co rresponded  to the firs t spectrum  o f  the  10 rep lica te  spec tra  taken  o f  each  
sample. This  ind ica ted  that the  first spectrum  was still affec ted  b y  the  b um  o f f  o f  
ad so rbed  o rgan ic  m ateria l, even after  th e  h ea t-trea tm en t p rocess . So, som e o rgan ic  
im pu rities  m ay  have  adso rbed  on to  the sam ples from  the air, a fte r h ea t-trea tm en t. I f  th e
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h e a t- tre a tm en t p ro c e s s  w a s  to  b e  u s ed  fo r  m ix tu re  sam p le s  it  w o u ld  b e  re c om m en d e d  to  
c o lle c t 11 o r  p e rh a p s  12 re p lic a te  sp e c tra  o f  e a ch  s am p le  a n d  to  d is c a rd  th e  f ir s t  1 o r  2 
sp ec tra , w h e n  d e v e lo p in g  a  PL S  m od e l. H ow ev e r , th is  tre n d  w a s  n o t re c o g n is e d  a t f irs t 
a n d  in  th e  n e x t PL S  m od e l, w h ic h  u s e d  sp e c tra  from  h e a t- tre a te d  m ix tu re  s am p le s , o n ly  
10 sp e c tra  w e re  ta k e n  o f  e a c h  m ix tu re . In  fa c t, i t  w a s  th e  re su lts  f rom  th e  n e x t  P L S  m od e l 
(s e c tio n  5 .3 .1 3 ) w h ic h  p rom p ted  u s  to  re tu rn  to  th e  PC A  re su lts  in  th is  s e c tio n  to  
in v e s tig a te  i f  i t  w a s  th e  f ir s t  sp e c trum  o f  th e  10 re p lic a te s  th a t c o rre sp o n d e d  to  
o b se rv a tio n  th a t  w a s  lo c a ted  fa r  from  th e  o th e r  o b se rv a tio n s .
5 .3 .1 1  C o m p a r i s o n  o f  t h e  c u r v e  f i t t e d  s p e c t r a  f o r  u n t r e a t e d  a n d  h e a t - t r e a t e d  c o a l  
d u s t  a n d  D P M  s a m p le s
5 .3 .1 1 .1  I n t r o d u c t io n
A  g en e ra l o b se rv a tio n  o f  th e  h e a t- tre a te d  co a l d u s t an d  D PM  is  th a t  th e ir  s p e c tra  a p p e a r  
le ss  in te n se  th a n  b e fo re  th e y  w e re  tre a ted . T h is  c an  b e  a ttr ib u te d  to  th e  fa c t  th a t  w h e n  th e  
ad so rb ed  o rg an ic  m a te r ia l h a d  b e e n  h e a te d  o f f  a  la rg e r  p ro p o r tio n  o f  th e  q u a r tz  f ib re  f i l te r  
w a s  ex po sed . T h is  is  e sp e c ia lly  th e  c a se  fo r  th e  D PM  an d  is  e v id en t b y  th e  fa c t  th a t  a f te r  
h e a t- tre a tm en t th e  la s e r  p la sm a  lin e s  a re  m u ch  m o re  in te n se  a f te r  th e  h e a t- tre a tm en t 
b e c au se  a  la rg e  p ro p o r tio n  o f  th e  lig h t is  re f le c ted  from  th e  n ew ly  e x p o se d  q u a r tz  f ib res . 
F rom  an  in itia l lo o k  th e  sp e c tra  o f  h e a t- tre a te d  sam p le s  it is  a p p a re n t th a t  th e  sh o u ld e r  
b e tw een  1 1 0 0 cm '1 a n d  1 3 0 0 cm '1 is  le ss  p rom in en t fo r  th e  h e a t- tre a te d  c o a l d u s t  th a n  fo r  
th e  u n tre a te d  sam p le . T h e  e ffe c t o f  th e  h e a t- tre a tm en t o n  th e  c o a l a n d  D PM  sp e c tra  c an  
b e  q u a n tif ie d  b y  com p a r in g  th e  c u rv e  fits  o f  s p e c tra  fo r  u n tre a te d  s am p le s  to  th e  c u rv e  
fits  o f  s p e c tra  fo r  h e a t- tre a te d  sam p les .
5 .3 .1 1 .2  E x p e r im e n t a l
S p ec tra  o f  u n tre a ted  s am p le s  w ith  s ep a ra te  lo ad in g s  o f  1 5 0 p g  c o a l d u s t  a n d  1 7 5 p g  D PM  
w e re  c u rv e  f itted . T h e  p e a k  p o s itio n s , h e ig h ts , w id th s  a n d  a re a s  w e re  c om p a re d  to  th e  
p e ak s  from  cu rv e  fits  o f  s p e c tra  ta k en  o f  th e  s am p le s  a f te r  h e a t- tre a tm en t.
1 5 7
5 .3 .1 1 .3  R e s u l t s  a n d  d i s c u s s io n
The spec tra  o f  an  un trea ted  and h ea t-trea ted  150pg  coal du st sam ple  are show n  in  spec tra
5 .3 .12 and  5 .3 .13 respec tiv e ly . A  curve fit o f  each  spec trum  is show n  in  figu res 5 .3 .19 
and 5 .3 .20 respec tive ly . The  curve  fitting  app lica tion  au tom atica lly  p e rfo rm s a 2nd 
deriva tiv e  o f  a spec trum . How ever, due to  the  low  signal to  no ise  o f  th e  hea t-trea ted  
sam ple  the  au tom atic  2nd deriv a tive  d id  no t use enough  po in ts . So it w as n ecessa ry  to 
perfo rm  an  ind iv idua l 2nd deriva tiv e  on  th is  spectrum . A  S av itsky -G o lay  2nd deriva tiv e  
w ith  85 po in ts  w as used  and the  resu ltan t second deriva tiv e  cu rve  is show n  in  figure 
5 .3 .21. The  p eak  position s , he igh ts , w id ths and  areas  from  an un trea ted  coal spec trum  and  
a hea t-trea ted  coal spec trum  are show n  in  tab les 5 .3 .24 and 5 .3 .25 respec tive ly .
C o un ts /  R am an S h ift (cm -1 ) 
F i le #  1 : S 169 -6
P aged  X -Z oom  C URSOR  
1/16 /01  9 :2 0  PM  R es=None
S p e c t r u m  5 .3 .1 2 : 150jng coal dust on  a quartz  fib re  filter, un trea ted , ro ta ted  at 9rpm , 
400s scan  tim e, x5ob j, 633nm  la se r at 100%  pow er
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F i t te d  T ra c e +  R e s id u a l  +  2 n d  D e r iv a t iv e
O r ig in a l  T r a c e  +  P e a k s  +  B a s e l in e
F ig u r e  5 .3 .19 : Curve fit o f  an  un trea ted  150jng D PM  sam ple  spec trum
P e a k  N u m b e r P o s i t io n  ( cm -1) H e ig h t W id th  (cm -1) I n t e g r a t e d  A r e a
1 1180 2111 95 212687
2 1258 6012 94 600522
3 1352 10086 93 1000136
4 1438 3048 75 244314
5 1529 3781 129 520623
6 1595 12946 54 75417
7 1659 899 64 61276
T a b le  5 .3 .2 4 : Peak  po sition s, he ig its , w id th s  and  areas  from  an u n trea ted  coa l spec trum
curve fit
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C o u n ts  /  R am a n  
F ile  #  3  :
P ag e d  X -Z o om  
14 /0 6 /2 00 1  16 :01
S p e c t r u m  5 .3 .1 3 : 150pg  coal dus t on  a quartz  fib re  filter, x5ob j, 400s scan  tim e, 633nm  
la se r at 100%  pow er, h ea t-trea ted  to 625°C , ro ta ting  at 9 rpm
D e riva tive  /  R aman  S h ift (cm -1)
F ig u r e  5 .3 .2 0 : 2nd deriva tiv e  cu rve o f  a h ea t-trea ted  150pg  coal dust sam p le  spec trum
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F i t te d  T ra c e  +  R e s id u a l  +  2 n d  D e r iv a t iv e
O r ig in a l  T r a c e  +  P e a k s  +  B a s e l in e
F ig u r e  5 .3 .21 : Curve  fit o f  a h ea t-trea ted  150pg coal dust sam p le  spec trum
P e a k  N u m b e r P o s i t io n  ( c m 1) H e ig h t W id th  ( c m 1) I n t e g r a t e d  A r e a
1 1196 1487 155 245568
2 1252 1476 92 146038
3 1350 4990 120 639952
4 1447 2034 78 170751
5 1526 2715 95 274835
6 1593 6144 62 405884
7 1663 869 74 69880
T a b le  5 .3 .2 5 : Peak  position s, heigh ts , w id th s  and  areas  from  a h ea t-trea ted  coa l spec trum
curve fit
The spectra  o f  an  un trea ted  and hea t-trea ted  175pg  coal dust sam ple  are  re sp ec tiv e ly  
show n in  spec tra  5 .3 .14 and  5 .3 .15. A  curve  fit o f  each  spec trum  is show n  in  figures  
5 .3 .22 and  5 .3 .24  respective ly . A gain , it w as n ecessa ry  to p e rfo rm  an ind iv idua l 2nd 
deriva tive  on th is  spectrum . A  S av itsky -G o lay  2nd deriva tive  w ith  100 po in ts  w as used  
and the  resu ltan t second deriva tive  curve is show n in  figu re  5 .3 .23.
The peak  position s, he igh ts, w id th s and  areas from  an un trea ted  coal spec trum  and  a hea t- 







S p e c t r u m  5 .3 .1 4 : 175pg  D PM  on a quartz  fib re  filter, 400s, x5ob j, 100%  lase r pow er,
no hea t treatm en t, ro ta ting  at 9 rpm
F i t te d  T ra c e  +  R e s id u a l  +  2 n d  D e r iv a t iv e
F ig u r e  5 .3 .2 2 :  C u rv e  fit o f  an  u n tre a ted  175pg  D PM  sam p le  sp e c trum
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P e a k  N u m b e r P o s i t io n  ( c m 1) H e ig h t W id th  ( c m '1) I n t e g r a t e d  A r e a
1 1180 274 157 45805
2 1336 1385 170 249904
3 1486 535 98 55805
4 1586 1305 97 135374
T a b le  5 .3 .2 6 : Peak  po s itio ns , heig its, w id th s  and  areas from  an  un trea ted  coal spec trum
peak  fit
C o un ts  /  R am an  S h ift (cm -1 ) 
F ile  #  1 : 3R PM 20M IN H EAT5
P aged  X -Z oom  C URSOR  
19/05/01  13:4 8  PM  R es=None
S p e c t r u m  5 .3 .1 5 : 150jiig coal du st on  a quartz  fibre filter, x5ob j, 400s scan  tim e, 633nm  
lase r at 100%  pow er, h ea t-trea ted  to 625°C , ro ta ting  at 9 rpm  (quartz  b and s  zapped )
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D e r iva tive  /  R aman  S h ift (cm -1 )
F ig u r e  5 .3 .2 3 : 2nd deriva tive  cu rve o f  a h ea t-trea ted  175jug D PM  sam p le  spec trum
F i t te d  T r a c e  +  R e s id u a l  + 2 n d  D e r iv a t iv e
O r ig in a l  T r a c e  +  P e a k s  +  B a s e l in e
F ig u r e  5 .3 .2 4 :  C u rv e  fit o f  a  h e a t- tre a te d  175pg  D PM  sam p le  sp e c trum
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P e a k P o s i t io n  ( c m '1) H e ig h t W id th  ( c m '1) I n t e g r a t e d  A r e a
1 1209 289 164 50692
2 1341 765 134 109087
3 1475 307 118 38716
4 1598 699 112 83975
T a b le  5 .3 .2 7 : F it te d  p e a k  p o s itio n s , h e ig h ts , w id th s  a n d  a re a s  o f  a  h e a t- tre a te d
17 5 p g  sam p le  sp ec trum
T he  p e a k  ra tio s  fo r  u n tre a te d  a n d  h e a t- tre a te d  co a l d u s t a n d  D PM  a re  sh ow n  in  ta b le s  
5 .3 .2 8  a n d  5 .3 .2 9  re sp ec tiv e ly .
S am p le 1 1 9 0 cm 'V G 125 5 cm 'V G D /G 1 4 4 0 cm 'V G
U n t r e a t e d  C o a l 0 .28 0 .80 1.33 0 .33
H e a t - t r e a t e d  C o a l 0 .34 0 .36 1.57 0 .42
T a b le  5 .3 .2 8 : P e a k  ra tio s  fo r  u n tre a ted  an d  healt-trea ted  c o a l d u s t
S am p le 11 9 0 cm 'V G D /G
U n t r e a t e d  D PM 0 .34 1.85
H e a t - t r e a t e d  D PM 0 .60 1 .30
T a b le  5 .3 .2 9 : P e a k  ra tio s  fo r  u n tre a ted  an d  h e a t- tre a te d  D PM
O n  com p a r in g  th e  c u rv e  f it re su lts  fo r  th e  u n tre a ted  co a l d u s t w ith  th e  h e a t- tre a te d  co a l 
d u s t som e  u n e x p e c te d  re su lts  w e re  o b ta in ed . (I t m a y  b e  u se fu l, a t th is  s tag e , to  lo o k  b a c k  
o v e r  s e c tio n s  3 .4 .4  a n d  3 .4 .6  in  c h ap te r  3 to  u n d e rs ta n d  th e  fo llow in g  h y p o th e s is )  T h e  
m o s t su rp r is in g  re su lt  w a s  th a t b o th  th e  D  a n d  G  b a n d s  fo r  th e  s p e c trum  o f  h e a t- tre a te d  
s am p le  w e re  b ro a d e r  th a n  th e  u n tre a ted  sam p le . T h e  D  a n d  G  b a n d s  b e in g  9 3 cm ’1 a n d  
5 4 cm '1 re sp e c tiv e ly  fo r  th e  u n tre a ted  sam p le  an d  1 2 0 cm '1 a n d  6 2 cm '1 fo r  th e  t re a te d  
sam p le . A n o th e r  u n ex p e c te d  re su lt w a s  th a t th e  D /G  b a n d  ra tio  w a s  g re a te r  fo r  th e  h e a t-  
tre a te d  (1 .5 7 ) th a n  th e  u n tre a ted  sam p le  (1 .35 ). T he  m o s t n o tic e ab le  c h an g e  in  th e  p e a k  
ra tio s  w a s  th e  d e c re a se  o f  th e  1250cm 'V G  ra tio  f rom  0 .8 , fo r  th e  u n tre a te d  s am p le , to  
0 .35  fo r  th e  h e a t- tre a te d  sam p le . T h is  b a n d  a t a ro u n d  1 2 5 0 cm '1 h a s  b e e n  a s s ig n e d  to  a  
fe a tu re  in  th e  v ib ra tio n a l d e n s ity  o f  s ta te s  (V D O S ) o f  d iam o n d -lik e , sp  -b o n d ed , c a rb on .
' X  9  7
A s sp  -b o n d s  a re  le ss  th e rm a lly  s tab le  th an  sp  b o n d s  it  is  e x p ec te d  th a t th e  h e a t-  
tre a tm en t w o u ld  c o n v e r t  som e  o f  th e  b o n d in g  o f  th e  sp 3-b o n d ed  c a rb o n , re s p o n s ib le  fo r  
th e  1 2 5 0 cm '1 b an d , to  sp 2-b o n d ed  c a rbon . T h is  w o u ld  e x p la in  th e  re d u c tio n  in  in te n s i ty  o f  
th is  b a n d , a f te r  h e a t- tre a tm en t. T h is  h y p o th e s is  m ay  a lso  h e lp  e x p la in  w h y  th e  D /G  b a n d
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ra tio  in c re a se s  ra th e r  th a n  d e c re a se s  a f te r  h e a t- tre a tm en t. T h e  s am p le  w a s  h e a t- tre a te d
u s in g  a  H T T  o f  625 °C , w h ic h  is  p ro b a b ly  h ig h  e n o u g h  to  c o n v e r t  s om e  sp 3-b o n d ed
ca rb o n s  in to  sp 2-b o n d ed  c a rb on s . H ow ev e r , th e  H T T  o f  625 °C  is  p ro b a b ly  o n ly  h ig h
e n o ugh  to  c o n v e r t sp 3-b o n d ed  c a rb o n  in to  am o rp h o u s /d iso rd e re d  sp 2-b o n d ed  c a rb o n  as
th e  fo rm a tio n  o f  2 -D  g ra p h en e  sh ee ts  o f  c a rb o n  (p o lym e risa tio n )  ty p ic a lly  o c cu rs
b e tw een  6 0 0 -1200 °C .8 T h e  fo rm a tio n  o f  d iso rd e re d  g ra p h itic  c a rb o n , f rom  d iam o n d - lik e
ca rb on , w o u ld  re su lt  in  a n  in c re a se  in  th e  D  b a n d  in te n s ity  a n d  in  tu rn  a n  in c re a se  in  th e
D /G  b a n d  ra tio . I t  c o u ld  b e  a rg u ed  th a t th e  h e a t- tre a tm en t s h o u ld  a lso  r e s u lt  in  in c re a se d
o rd e r in g  o f  th e  o r ig in a l (b e fo re  h e a t- tre a tm en t)  d iso rd e re d  sp  -b o n d ed  c a rb o n  a n d  re d u c e
th e  in te n s ity  a n d  w id th  o f  th e  D  b and . H ow ev e r , from  c om p a r in g  th e  p e a k  f its , th e
c o n tr ib u tio n  to  th e  sp e c trum  from  th e  1 2 5 0 cm '1 b an d , a f te r  h e a t- tre a tm en t, is  g re a tly
red u ced . T ak in g  in to  a c co u n t th a t  sp 3-b o n d ed  c a rb o n ’s s c a tte r in g  c ro s s -s e c tio n  c an  b e  50 -
100 le ss  th a n  th a t o f  sp 2-b o n d ed  c a rb o n , u s in g  v is ib le  e x c ita tio n 9. T h is  la rg e  d e c re a se  in  
1
th e  1 2 5 0 cm ' b a n d  w o u ld  c o rre sp o n d  to  a  la rg e  n um b e r  o f  sp  -b o n d ed  s ite s  b e in g  
c o n v e r ted  to  sp  -b o n d ed  s ite s . T he  fa c t th a t  th e  D /G  b a n d  ra tio  in c re a s e s  w ith  th e  h e a t-
'y
tre a tm en t in d ic a te s  th a t  th e  c a rb o n  b o n d in g  c o n v e r ted  from  sp  -b o n d ed  c a rb o n  to
9  9
am o rp h o u s  sp  -b o n d e d  c a rb o n  p re v a ils  o v e r  e ffe c ts  o f  th e  o rd e r in g  o f  th e  d iso rd e re d  sp  - 
b o n d ed  c a rb o n , a t th is  H TT . T h e  D  a n d  G  b an d  p o s it io n s  w e re  a lm o s t u n c h a n g e d  d u e  to  
h e a t- tre a tm en t.
T h e  D  b a n dw id th  fo r  th e  D PM  sam p le  d e c re a se d  from  1 7 0 cm '1 to  1 3 4 cm '1 a n d  its  
p o s it io n  sh if te d  u pw a rd s  from  1 3 3 6 cm '1 to  1 3 4 1 cm '1 a f te r  h e a t- tre a tm en t, w h ic h  
co rre sp o n d s  to  o rd e r in g  o f  th e  d iso rd e re d  c a rb on . T h e  G  b a n d  w a s  e x p e c te d  to  n a r row  
and  sh if t  d ow nw a rd s  a f te r  h e a t- tre a tm en t as th e  c a rb o n  s tru c tu re  b e c om e s  m o re  o rd e re d  
and  its  p o s it io n  ap p ro a ch e s  th a t  o f  g rap h ite . H ow ev e r , th e  G  b a n dw id th  u n e x p e c te d ly  
in c re a sed  from  9 7 cm '1 to  1 1 2 cm '1 an d  is  sh if te d  f rom  1 5 8 6 cm -l to  1 5 9 8 cm '1. T h e  G /D  
b a n d  ra tio  d e c re a se d  from  1.85 to  1 .3 , w h ic h  in d ic a te s  in c re a se d  o rd e r in g  a f te r  th e  h e a t-  
tre a tm en t.
5 .3 .1 2  A n a ly s i s  o f  h e a t - t r e a t e d  m ix t u r e  s a m p le s
5 .3 .1 2 .1  I n t r o d u c t io n
1 6 6
F rom  th e  PC A  an a ly s is  o f  D PM  and  co a l d u s t s am p le s  it w a s  o b se rv ed  th a t th e  
re p ro d u c ib il i ty  o f  th e ir  sp e c tra l sh ap e s  w a s  s ig n if ic a n tly  im p ro v ed  b y  h e a t- tre a tm en t. 
T h e re fo re , it  s h o u ld  fo llow  th a t th e  sp ec tra l re p ro d u c ib il i ty  o f  m ix tu re  c o a l d u s t  a n d  D PM  
sam p le s  s h o u ld  a lso  b e  im p ro v ed  b y  h e a t- tre a tm en t. In  th is  s e c tio n  th e  s am p le s  u s e d  fo r  
p re v io u s  PL S  m o d e ls  a re  h e a t- tre a te d  a n d  a  n ew  d a ta  se t fo r  a  PL S  m o d e l is  p ro d u c ed .
5 .3 .1 2 .2  E x p e r im e n t a l
T h e  6 m ix tu re  c o a l d u s t a n d  D PM  sam p les , u s e d  fo r  th e  p re v io u s  PL S  m o d e ls , w e re  h e a t-  
tre a te d  in  a n  o v e n  w ith  a n  o x y g en  free  in e r t  N 2 a tm o sp h e re . T h e  o v en  w a s  c o n tro lle d  to  
in c re a se  in  tem p e ra tu re  a t a  ra te  o f  10°C  p e r  m in u te , u n ti l  i t  re a c h e d  625 °C . I t  w a s  h e ld  a t 
th is  tem p e ra tu re  fo r  15 m in u te s  an d  th e n  a llow ed  to  c o o l to  ro om  tem p e ra tu re . T h e se  
s am p le s  w e re  a n a ly se d  u s in g  th e  s am e  p a ram e te rs  as  th e  sp e c tra  c o lle c te d  fo r  th e  
p re v io u s  PL S  m o d e ls  (X 5  o b je c tiv e , 4 0 0 s  sc an  t im e , 100%  la s e r  p ow e r)  w ith  th e  sam p le  
ro ta tin g  a t 3 rpm . 10 re p lic a te  sp e c tra  w e re  ta k en  o f  e a c h  sam p le  a t th e  s am e  p o s i t io n  o n  
th e  filte r . A n  e x am p le  sp e c trum  fo r  e ach  sp ec trum  w a s  c u rv e  f i t te d  a n d  th e  b a n d  
p o s itio n s , w id th s , h e ig h ts , a re a s  a n d  ra tio s  d e te rm in ed . T h e  c u rv e  f it t in g  p ro c e d u re  w a s  
a g a in  s im p lif ie d  b y  o n ly  in c lu d in g  4  b an d s . T h is  a llow ed  u s  to  c om p a re  th e  c u rv e  f its  o f  
th e  u n tre a te d  m ix tu re  sam p le s  in  se c tio n  5 .3 .5  w ith  th e  h e a t- tre a te d  s am p le s  in  th is  
sec tio n .
5 .1 2 .3  R e s u l t s  a n d  d i s c u s s io n
A n  ex am p le  sp e c trum  o f  th e  h e a t- tre a te d  sam p le  c o n ta in in g  6 6 p g  D PM  an d  4 4 0 p g  c o a l 
d u s t is  s h ow n  sp ec trum  5 .3 .16 . A  p e a k  fits  o f  th is  s p e c trum  is  s h ow n  in  f ig u re  5 .3 .2 5 . T h e  
p o s itio n s , w id th s , h e ig h ts  a n d  a re a s  o f  th e  f it te d  b a n d s  fo r  e a c h  s am p le  a re  s h ow n  in  
ta b le s  5 .3 .3 0  th ro u g h  5 .3 .3 5 . T h e  c o a l and  D PM  lo ad in g s , D /G  ra tio s  fo r  a n  e x am p le  
sp ec trum  an d  in te g ra te d  sp ec tra l a re a s  s tan d a rd  d ev ia t io n  o f  th e  10 sp e c tra  o f  e a c h  
s am p le  a re  sh ow n  in  ta b le  5 .3 .36 .
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C o u n ts /R am a n  S h ift (cm -1 ) P aged  X -Z oom  C URSOR
F ile  #  2  : 3362H -1 6 /17 /0 1 3 :0 7  PM  R es=None
S p e c t r u m  5 .3 .1 6 : 6 6pg  D PM  and 440pg  coal du st on  a quartz  fib re  filter, 400 s  scan  
tim e, x5ob j, 633nm  lase r at 100%  pow er, h ea ted -trea ted , ro ta ting  at 3 rpm
F i t te d  T r a c e  +  R e s id u a l  +  2 n d  D e r iv a t iv e
O r ig in a l  T r a c e  +  P e a k s  +  B a s e l in e
F ig u r e  5 .3 .2 5 :  C u rv e  fit o f  a h e a t- tre a ted  6 6 p g  D PM  and  4 4 0 p g  c o a l d u s t m ix tu re
sam p le  sp ec trum
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P e a k P o s i t io n  ( c m '1) H e ig h t  ( a .u .) W id t h  ( c m 1) I n t e g r a t e d  A r e a
1 1184 392 138 57841
2 1342 2148 176 4 0 4 2 8 9
3 1485 760 89 71642
4 1584 2228 98 232 0 0 7
T a b le  5 .3 .3 0 :  F it te d  p e a k  p o s itio n s , h e ig h ts , w id th s  a n d  a re a s  o f  a  h e a t- tre a te d  6 6 p g  
D PM  an d  4 4 0 p g  co a l d u s t m ix tu re  s am p le  sp e c trum
P e a k P o s i t io n  ( c m '1) H e ig h t  ( a .u .) W id t h  ( c m 1) I n t e g r a t e d  A r e a
1 1195 238 147 37221
2 1338 1415 161 24 2 5 7 9
3 1480 549 99 58061
4 1585 1307 103 143917
T a b le  5 .3 .3 1 :  F it te d  p e a k  p o s itio n s , h e ig h ts , w id th s  a n d  a re a s  o f  a  h e a t- tre a te d  2 1 4 p g  
D PM  an d  1 4 0 p g  co a l d u s t m ix tu re  s am p le  sp e c trum
P e a k P o s i t i o n  ( c m '1) H e ig h t  ( a .u .) W id t h  ( c m 1) I n t e g r a t e d  A r e a
1 1198 237 143 3 6168
2 1335 1277 150 2 0 4 7 3 2
3 1484 552 115 64 1 4 0
4 1585 1151 91 110906
T a b le  5 .3 .3 2 :  F it te d  p e a k  p o s itio n s , h e ig h ts , w id th s  a n d  a re a s  o f  a  h e a t- tre a te d  
2 9 9 p g  D PM  an d  1 2 3 p g  co a l d u s t m ix tu re  sam p le  sp e c trum
P e a k P o s i t i o n  ( c m '1) H e ig h t  ( a .u .) W id t h  ( c m 1) I n t e g r a t e d  A r e a
1 1202 373 140 55915
2 1340 1771 159 300881
3 1480 662 90 6 3808
4 1584 1694 98 178521
T a b le  5 .3 .3 3 :  F it te d  p e a k  p o s itio n s , h e ig h ts , w id th s  a n d  a re a s  o f  a  h e a t- t re a te d  
1 6 2 p g  D PM  an d  1 1 8 pg  co a l d u s t m ix tu re  s am p le  sp e c trum
P e a k P o s i t io n  ( c m '1) H e ig h t  ( a .u .) W id t h  (cm "1) I n t e g r a t e d  A r e a
1 1186 202 106 2 2 9 3 2
2 1330 3283 150 2 2 0 6 4 0
3 1498 1751 138 8 5848
4 1589 4173 83 100389
1 6 9
T a b le  5 .3 .3 4 : F it te d  p e ak  p o s itio n s , h e ig h ts , w id th s  a n d  a re a s  o f  a  h e a t- tre a te d  
2 5 l p g  D PM  and  7 8 p g  co a l d u s t m ix tu re  sam p le  sp e c trum
P e a k P o s i t io n  (cm "1) H e ig h t  (a .u .) W id th  ( c m 1) I n t e g r a t e d  A r e a
1 1176 256 129 3 5 5 7 4
2 1338 1633 175 305731
3 1481 564 89 53581
4 1583 1543 106 174418
T a b le  5 .3 .3 5 : F it te d  p e a k  p o s itio n s , h e ig h ts , w id th s  a n d  a re a s  o f  a  h e a t- tre a te d  15 9 p g  
D PM  an d  2 3 4 p g  c o a l d u s t m ix tu re  sam p le  sp e c trum
S am p le T o ta l
W e ig h t
(P g )
D PM
W e ig h t
(P g )
C o a l  D u s t  
W e ig h t
(P g )
D /G  
I n t e g r a t e d  
A r e a  R a t io
S t a n d a r d  
d e v ia t io n  (% )  
o f  I n t e g r a t e d  
s p e c t r a l  a r e a s
1 506 66 440 1.7 3 .2
2 344 214 140 1.7 1.9
3 4 2 0 299 123 1.9 6 .0
4 275 162 118 1.7 2 .9
5 329 251 78 1.7 5 .9
6 393 159 234 1.8 2 .3
T a b le  5 .3 .316: C oa l anc D PM  w e ig h ts  a n d  D /G  ra tio s  fo r  a n  e x am p le  s p e c trum  o f  ea
sam p le  a n d  in te g ra te d  sp ec tra l a re a s  s ta n d a rd  d ev ia t io n  
C om pa rin g  th e  c u rv e  f it fo r  th e  sp e c tra  o f  th e  h e a te d  s am p le s  in  th is  s e c tio n  w ith  th e
un tre a ted  s am p le s  in  s e c tio n  5 .3 .5  th e  a ffe c t o f  th e  h e a t- tre a tm en t o n  th e  s p e c tra  c a n  b e
in v e s tig a ted . L ik e  th e  sep a ra te  co a l a n d  D PM  sam p le s  th e  sp e c tra  o f  th e  h e a t- tre a te d
m ix tu re  sam p le s  a p p e a r  to  g e n e ra lly  h av e  b ro a d e r  D  a n d  G  b a n d s  th a n  th e  u n tre a te d
sam p le s . T h is  c o u ld  p o s s ib ly  b e  d u e  to  th e  p ro d u c tio n  o f  d iso rd e re d  sp 2-b o n d e d  c a rb o n
from  sp 3-b o n d ed  c a rb on . N o  g en e ra l tre n d  w a s  o b se rv ed  fo r  a  c h an g e  in  th e  D /G  b a n d
ra tio s , d u e  to  th e  h e a t- tre a tm en t. T h e  v a lu e  d e c re a se d  fo r  som e  sam p le s , in c re a s e d  fo r
o th e rs  a n d  rem a in ed  v ir tu a lly  u n ch an g ed  fo r  o th e r  sam p le s . H ow ev e r , i t  is  in te re s t in g  to
n o te  th a t th e  ra n g e  o f  th e  v a lu e  a c ro ss  th e  s am p le s  d e c re a se d  s ig n if ic a n tly  f rom  b e tw e e n
1.0  to  2 .4  fo r  th e  u n tre a te d  s am p le s  to  o n ly  a  ra n g e  o f  1.7 to  1 .9  fo r  th e  h e a t- tre a te d
sam p les . T h is  in  i t s e l f  m ig h t in d ic a te  som e  k in d  o f  o rd e r in g  o f  th e  s am p le s  d u e  to  h e a t-
tre a tm en t. H ow ev e r , i t  w o u ld  b e  n e c e s sa ry  to  su b je c t th e  s am p le s  to  a  ra n g e  o f  d if fe re n t
H T T s  to  in v e s tig a te  th is  fu r th e r . T h e  G  b an d  p o s it io n  v a r ie d  f rom  1 5 8 3 cm '1 to  1 5 8 9 cm '1
fo r  th e  h e a t- tre a te d  sam p le s , c om p a red  to  1 5 9 0 cm '1 to  1 5 9 3 cm '1 fo r  th e  u n tre a te d  m ix tu re
sam p les . T h is  d ow nw a rd  sh if t  m a y  b e  as a  re su lt o f  o rd e r in g  o f  th e  c a rb o n  s tru c tu re . T h e
1 7 0
D  b a n d  p o s i t io n  v a r ie d  from  1 3 3 0 cm '1 to  1 3 4 0 cm '1 fo r  th e  h e a t- tre a te d  sam p le s , 
c om p a red  to  1 3 3 9 cm '1 to  1 3 5 3 cm '1 fo r  th e  u n tre a te d  sam p le s  w h ic h  is  a n  in d ic a tio n  o f  th e  
s am p le  b e c om in g  m o re  o rd e re d  w ith  h e a t tre a tm en t. T h e  s ta n d a rd  d e v ia t io n  o f  th e  
in te g ra te d  sp e c tra l a re a s  fo r  th e  re p lic a te  m e a su rem en ts  o f  e a c h  o f  th e  h e a t- tre a te d  
sam p le s  ra n g e d  from  1.9  to  6% . T he  s ta n d a rd  d e v ia tio n  o f  th e  in te g ra te d  sp e c tra l a re a s  
fo r  th e  re p lic a te  m e a su rem en ts  o f  e a c h  o f  th e  u n tre a ted  sam p le s , a n a ly se d  in  s e c tio n
5 .3 .8 , ra n g e d  from  1.9 to  10% . H ow ev e r , o n ly  5 sp e c tra  o f  th e  sam p le  w ith  a  s ta n d a rd  
d e v ia tio n  o f  10%  w e re  m easu red . I f  a  g re a te r  n um b e r  o f  s p e c tra  w e re  in te g ra te d  th e  
s ta n d a rd  d ev ia t io n  w o u ld  b e  e x p ec te d  to  b e  le ss . T he  o th e r  u n tre a te d  s am p le s  a ll h ad  
s tan d a rd  d e v ia tio n s  o f  le ss  th a n  5% . T h e re fo re , th e  h e a t- tre a tm en t d id  n o t  s ig n if ic a n tly  
c h an g e  th e  re p ro d u c ib il i ty  o f  in te g ra te d  sp ec tra l a reas .
E v en  a f te r  h e a t- tre a tm en t a  la rg e  d if fe ren c e  w a s  o b se rv ed  in  s h ap e  a n d  in te n s i ty  o f  th e  
f ir s t  2  sp ec tra , o f  e a c h  s am p le , c om p a red  to  th e  la s t 8 sp ec tra . T h e re fo re , th e  s ta n d a rd  
d e v ia tio n  o f  th e  sp ec tra l a re a s  o f  th e  h e a t- tre a te d  sam p le s  w a s  c a lc u la te d  w h ile  om ittin g  
th e  f irs t tw o  sp e c tra  o f  th e  10 re p lic a te s  ta k en  o f  e a ch  sam p le . S p e c trum  5 .3 .1 7  c om p a re s  
th e  1st sp e c trum  w ith  th e  5 th sp e c trum  ta k en  o f  a  h e a t- tre a te d  2 9 9 p g  D PM  an d  1 2 3 p g  
D PM  m ix tu re . T h e  f ir s t sp ec trum  ap p ea rs  to  h a v e  m u ch  h ig h e r  f lu o re s c en c e  le v e ls  th a n  
th e  5 th sp ec trum . A f te r  h e a t- tre a tm en t th e  a d so rb ed  o rg an ic  m a tte r  w ill  h a v e  b e e n  h e a te d  
o ff . T h is  re su lts  in  th e  sam p le  re a d ily  a d so rb in g  o rg an ic  m a te r ia l  f rom  th e  a ir  a f te r  i t  is  
rem ov ed  from  th e  o v en . I t  is  l ik e ly  th a t th e  h ig h  f lu o re sc en c e  o b se rv ed  fo r  th e  f ir s t  
sp ec trum  is  d u e  to  th e  p re s e n c e  o f  th e se  o rg an ic  im p u r itie s  a d so rb ed  o n to  th e  su rfa c e  o f  
th e  c a rb o n  p a r tic le s . A f te r  b e in g  a n a ly sed  fo r  a p p ro x im a te ly  a n  h o u r  th e s e  a d so rb ed  
o rg an ic s  a re  h e a te d  o f f  b y  th e  la se r  re su ltin g  in  a  re d u c tio n  in  th e  f lu o re s c en c e  le v e ls .
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C o un ts /  R am an  S hift (cm -1 )
S p e c t r u m  5 .2 .1 7 : 299pg  D PM  and  123pg D PM  hea t-trea ted  m ix tu re , X 5 obj, 400s scan 
tim e, 100%  lase r pow er, ro ta ting  at 3rpm , 1st and  5th spectrum .
5 .3 .13  P L S  m o d e l  f r o m  s p e c t r a  o f  h e a t - t r e a te d  c o a l d u s t  a n d  D PM  m ix tu r e s
5 .3 .1 3 .1  I n t r o d u c t i o n
In th is  sec tion  a PLS  m odel from  the spec tra  o f  h ea t-trea ted  m ix tu re  coal du st and  D PM  
sam ples  is p roduced  to  investiga te  the e ffect o f  the  h ea t-trea tm en t.
5 .3 .1 3 .2  E x p e r im e n ta l
The sam ple  concen tra tion s w ere no rm alised  using  the  in teg ra ted  spectra l areas o f  th e  
5 20 cm '1 band  o f  a c lean , flat p iece  o f  crysta lline  s ilicon , as d esc ribed  in  sec tion  5 .3 .5 .
A  PLS  m odel w as  construc ted  using  the spec tra  from  the  h ea t-trea ted  sam ples. The 
spectra  w ere  b ase lin e  co rrec ted , m ean  cen tred , th e  w ho le  spec tra l range  w as used , 10 
factors  w ere  ca lcu la ted  and  cro ss-v a lida tion  w as app lied .
5 .3 .1 3 .3  R e s u l ts  a n d  d is c u s s io n
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The rea l and  the  no rm alised  concen tra tion s inpu t in to  the  da ta  set for each  m ix tu re  
sam ple  are show n  in  tab le  5 .3 .37. The bes t PLS  ca lib ra tio n  m odel w as found  to  be  u sing  
PLS-1 com pression , cross  va lid a tion  and u sing  the  w ho le  spec trum  (9 00 -1900cm "1). 
U sing  second  de riva tiv e  cu rves, ra th e r than  orig ina l spec tra , d id  no t im p rove  the  m odel 
results. F rom  the  PRESS  p lo ts , in  figures 5 .3 .26 and 5 .3 .28 , 3 fac to rs  w e re  cho sen  to 
m odel the  D PM  com ponen t and  3 factors  for th e  coal du st com ponen t. The  ac tu a l versu s 
p red ic ted  p lo ts  fo r th e  PLS  m odel are show n  in  figu res 5 .3 .27  and  5 .3 .29. The R  values
fo r D PM  and  coal dust w ere 0 .932 and  0 .826 respec tive ly .
S am p le D PM  W e ig h t  
(P g )
N o rm a l is e d  D PM  
W e ig h t  (p g )
C o a l  D u s t  W e ig h t  
(P g )
N o rm a l is e d  
C o a l  D u s t  
W e ig h t  (p )
1 60 91 398 608
2 214 214 140 140
3 299 282 116 123
4 162 162 118 118
5 251 225 70 104
6 159 156 234 229
T a b le  5 .3 .3 7 : M ix tu re  stanc ards D PM  and coal dust lo ad ings  and  th e ir  n o rm a lised  va lues
u sed  fo r the PLS m odel
F ac to r No.
F ig u r e  3 .5 .2 6 :  PR E SS  p lo t fo r  th e  D PM  c om pon en t o f  a  h e a t- tre a te d  m ix tu re  sam p le
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new tie at.td f, 1 (R a -  0 .9 32417616 )
H ----------------- 1----------------- 1----------------- 1----------------- 1-----------------1----------------- 1-----------------1----------------- 1----------------- 1----------------- 1-----------------1----------------- 1-----------------
40  100 160 220  280
P red ic ted /A ctua l Coal D ust concen tra tion  (pg )
F ig u r e  5 .3 .27 : A ctua l versus  p red ic ted  concen tra tion  p lo t for th e  D PM  com ponen t o f  a 
h ea t-trea ted  m ix tu re  sam ple , u sing  2 factors
Fac to r No.
F ig u r e  5 .3 .28 : PRESS  p lo t for the coal dust com ponen t o f  a hea t-trea ted  m ix tu re  sam p le
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P red ic ted /A ctua l Coal D ust concen tra tion  (jag)
F ig u r e  5 .3 .2 9 : A ctual versu s p red ic ted  concen tra tion  p lo t for th e  coal com ponen t o f  a 
hea t-trea ted  m ix tu re  sam ple, using 3 factors  
The  ob serva tions fo r th e  D PM  actual versu s p red ic ted  concen tra tion  p lo t in  figu re 5 .3 .27
are m uch  m o re  c lo se ly  spaced  fo r th e  h ea t-trea ted  m ix tu re  sam ples th an  un trea ted
. . . .  2 
sam ples in  sec tion  5 .3 .9  (figure 5 .3 .13 ). This is re flec ted  in  the  im p rovem en t o f  th e  R
value  from  0.671 to 0 .932. The  hea t-trea tm en t appeared  to have  little  i f  any  e ffec t on  the
9 • •
coal dust com ponen t w ith  the  R  on ly  im prov ing  from  0.817 to 0 .826.
Fo rtunate ly , w e  on ly  have  2 com ponen ts here. So, i f  w e  can develop  a m ode l th a t can 
on ly  su ccessfu lly  de term ine  the  am oun t o f  D PM  w e can  still ca lcu la te  th e  am oun t o f  coal 
dust by  sub trac ting  the  es tim ated  D PM  load ing  from  the  to ta l w eigh t. H ow ever, a 
co rre la tion  o f  0 .932 w as no t consid e red  to be accu ra te  enough. Therefo re , it w as  d esirab le  
to im prove  the  co rre la tion  even  fu rther. A s d iscussed  in  the sec tion  5 .3 .12  som e o f  the  
spec tra h ad  h igh  fluo rescence  levels  due to ad so rbed  o rgan ic  im purities . These  im pu ritie s  
appeared to  be  h ea ted  o f f  a fte r the first spec trum  o r 2. T he  spec tra  tha t w ere  obv iou sly  
sub jec ted  to h igh  fluo rescence  levels w ere om itted  from  the  PLS m odel. H ow ever, som e 
o f  the  observa tion s fo r the D PM  actual ve rsu s p red ic ted  concen tra tion  p lo t are still 
located  far from  the  group  cen tre. This  is especia lly  so fo r th e  sam ples  w ith  a 6 0 p g  and  a
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156pg  D PM  loading . In fact, the observ a tion s loca ted  far from  the g roup  cen tre , fo r each 
o f  these  sam ples , co rrespond  to th e ir firs t tw o spectra. In  fu tu re it w ou ld  b e  recomm ended  
to  take  12 spectra  o f  a h ea t-trea ted  sam ple  and d isca rd  the  firs t 2 spec tra  to  avo id  the ir  
shape in fluenc ing  the  m odel. It w as dec ided  to re -run  the  PLS  m odel, om itting  the  first 2 
spec tra fo r each  sam ple , to  see i f  th is  s tra tegy  he lped  im p rove  the  co rre la tion  o f  th e  ac tual 
ve rsu s p red ic ted  concen tra tion  plo ts.
F rom  the  PRESS  p lo ts, in  figures 5 .3 .30 and  5 .3 .32, 2 factors  w ere  cho sen  to  m odel the 
D PM  com ponen t and  3 fac to rs  fo r the coal dust com ponen t. The actual v ersu s  p red ic ted  
p lo ts  fo r the  PLS  m odel are show n  in  figures 5 .3.31 and  5 .3 .33. The  R 2 va lu es  fo r D PM  
and  coal dust w ere  0.961 and  0 .874  respec tive ly . Om itting  the  firs t 2 spec tra  fo r each  
sam ple  from  the  m odel im proved  the  R  value  from  0.932 to 0.961 fo r th e  D PM  and  from  
0.826  to 0 .874 fo r the  coal dust.
F ac to r  N o.
F ig u r e  5 .3 .3 0 : PRESS  p lo t for the D PM  com ponen t o f  a h ea t-trea ted  m ix tu re  sam p le
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new h e at.td f,2  (R * = 0 .961116477 )
P red ic ted /A ctua l Coal D ust concen tra tio n  (jag)
F ig u r e  5 .3 .31 : A ctual versu s p red ic ted  concen tra tion  p lo t for the  D PM  com ponen t o f  a 
h ea t-trea ted  m ix tu re  sam ple , u s ing  2 factors
F ig u r e  3 .5 .32 : PRESS  p lo t for the  coal dust com ponen t o f  a  hea t-trea ted  m ix tu re  sam ples
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P red ic ted /A ctu a l Coal D ust concen tra tion  (pg)
F ig u r e  5 .3 .3 3 : Actual ve rsu s p red ic ted  concen tra tion  p lo t fo r the  coal du s t com ponen t o f  
a hea t-trea ted  m ix tu re  sam ple, u sing  3 facto rs
F rom  the  actual versu s p red ic ted  p lo t for D PM  (figure  5 .3 .32) w e  can  see th a t although  
w e have  6 m ix tu re  sam ples  som e o f  these  sam ples had  s im ila r lo ad ings. So, w e h ave  in  
effect analysed  m ix tu res  w ith  4 d ifferen t D PM  loadings. It is n ecessa ry  to  p roduce  
add itional m ix tu re  sam ples  w ith  load ings d iss im ila r to th e  6 sam ples  a lready  ana ly sed . In 
the n ex t sec tion  the  affect o f  add ing  these  add itional sam ples is investiga ted .
5 .3 .1 4 . I n v e s t ig a t io n  o f  th e  a f fe c t  o f  a d d in g  s p e c t r a  f r o m  a d d i t io n a l  h e a t - t r e a t e d  
s am p le s  to  th e  P L S  m o d e l
5 .3 .14 .1  I n t r o d u c t io n
In the  la st sec tion  w e p roduced  a PLS m odel, from  the  sp ec tra  o f  h ea t-trea ted  m ix tu re
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sam ples, w h ich  resu lted  in a D PM  actual versus  p red ic ted  concen tra tion  p lo t w ith  an  R 
o f  0 .962. A lthough  th is  is a  accep tab le  value  it w as obv iou sly  des irab le  to  ge t th e  va lu e  as 
c lo se  as possib le  to l . F rom  the  D PM  actual versus  p red ic ted  concen tra tion  p lo t in  figu re 
5 .3 .42 w e can  see that th ere is no  sam ple  w ith  a DPM  load ing  in the range  o f  70 to
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150pg . S o , it  w a s  n e c e s s a ry  to  p ro d u c e  ad d itio n a l s am p le s  in  th is  ra n g e , to  m a k e  th e  
m o d e l m o re  re lia b le . A lso , th e  cu rre n t P L S  m o d e l o n ly  p re d ic te d  d ow n  to  a b o u t 7 0 p g  
D PM . T he  a d d itio n  o f  sam p le (s )  w ith  D PM  lo ad in g s  o f  le ss  th a n  7 0 p g  w il l  m a k e  th e  
m o d e l m o re  re lia b le  a n d  im p ro v e  th e  l im it o f  d e te c tio n  to o . In  th is  s e c tio n  w e  a ttem p te d  
to  p ro d u c e  a d d itio n a l m ix tu re  s am p les  w ith  th e  n e c e s sa ry  lo ad in g s . T h e se  a d d itio n a l 
sam p le s  w e re  h e a t- tre a te d  a n d  th e ir  re su lta n t s p e c tra  a d d ed  to  th e  P L S  m o d e l to  
in v e s tig a te  i f  th e re  w a s  a n  im p ro v em en t in  th e  R  v a lu e  fo r  th e  D PM  a c tu a l v e rsu s  
p re d ic te d  c o n c e n tra tio n  p lo t.
5 .3 .1 4 .2  E x p e r im e n t a l
A  n ew  sam p lin g  sy s tem  w a s  se t u p  w h ic h  w a s  s im ila r  to  th e  o n e  u s e d  to  c o lle c t  th e  
m ix tu re  s am p le s  th a t h a d  b e e n  a n a ly sed  so  fa r  (se e  fig u re  5 .3 .6  fo r  a  s c h em a tic  d ia g ram ). 
T he  o n ly  m a jo r  d if fe ren c e  b e tw een  th e  n ew  an d  o ld  s am p lin g  sy s tem s  w a s  th a t  a  s l ig h tly  
la rg e r  b o x  w a s  u s e d  fo r  th e  n ew  sy s tem . D PM  a lo n e  w a s  c o lle c te d  o n  q u a r tz  f ib re  f ilte rs  
u s in g  th is  n ew  sam p lin g  sy s tem  to  in v e s tig a te  i f  i t  h a d  a  s im ila r  c o lle c tio n  ra te  to  th e  
p re v io u s  sy s tem . A n  a ttem p t w a s  m ad e  to  p ro d u c e  m ix tu re  D PM  an d  c o a l d u s t  sam p le s  
u s in g  a  s im ila r  s am p lin g  p ro c e d u re  to  th e  o n e  d e sc r ib ed  in  s e c tio n  5 .3 .4 . C o a l d u s t  w a s  
b low n  in to  th e  sy s tem  v ia  a  tu b e  c o n n ec te d  to  a  d u s tb ow l p o s it io n e d  o u ts id e  th e  b o x  an d  
th e  D PM  en te red  th e  b o x  v ia  a  tu b e  c o n n ec te d  to  a  d ie se l v a n  e x h au s t. F o u r  p um p s , 
c a lib ra te d  to  2 L /m in , w e re  co n n ec te d  to  v a lv e s  a t th e  b o ttom  o f  th e  c h am b e r , f rom  th e  
o u ts id e . T h e se  w e re  u s e d  to  d raw  a ir  from  th e  su rro u n d in g  a tm o sp h e re , o f  th e  b o x , in to  
th e  s am p lin g  ch am be r. F il te r  h o ld e rs , w ith  p a p e r  filte rs , w e re  c o n n e c te d  to  th e se  v a lv e s  
in s id e  th e  c h am be r, to  p re v e n t d u s t b e in g  su ck ed  in to  th e  p um p s . T w o  m o re  p um p s , 
p o s it io n e d  o u ts id e  th e  b o x , w e re  c a lib ra ted  to  a p p ro x im a te ly  2L /m in . T h e se  p um p s  w e re  
co n n ec te d  to  s am p le rs  c o n ta in in g  c le a n  p re -w e ig h ed  q u a r tz  f ib re  f ilte rs . T h e  sam p le rs  
w e re  p la c e d  in to  th e  c en tre  o f  th e  c h am b e r  to  sam p le  a ir  f rom  th e  c h am b e r ’s a tm o sp h e re .
W h en  c o lle c tin g  th e  D PM  a lo n e  th e  n ew  sam p le  sy s tem  h a d  a  s im ila r  c o lle c tio n  ra te  a s  
co lle c te d  p re v io u s ly . H ow ev e r, i t  p ro v e d  d if f ic u lt to  p ro d u c e  re lia b le  m ix tu re  sam p le s . In  
th e  m a jo r ity  o f  c a se s  it a p p ea re d  th a t  little  o r  n o  co a l d u s t h a d  b e e n  c o lle c te d  o n to  th e
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sam p le  filte rs . T h is  w as  know n  b ecau se  th e  w e igh ts  o f  th e  co llec ted  sam p les  w e re  s im ila r 
to  th e  ex p ec ted  w e igh ts  o f  D PM  co llec ted  on  its  ow n , acco rd ing  to  g raph  5 .3 .3 . A fte r  
m any  fa iled  a ttem p ts  to  p roduce  m ix tu re  sam p les  w ith  th e  requ ired  D PM  load ings it w as  
dec id ed  to  try  a  new  stra tegy .
In  th e  p rev io u s  a ttem p ts  th e  coal d u s t w as  b low  in to  th e  b ox  from  a  du s tbow l ou ts id e  and  
th en  d raw n  in to  th e  sam p le  ch am ber u s ing  pum ps. H ow ever, an  in su ffic ien t am oun t o f  
coal d u s t w as  p re sen t in  th e  ch am ber u s ing  th is  m e thod . The  n ew  stra tegy  invo lv ed  
w e igh ing  0 .5g  o f  coal d u s t in  a  w e igh ing  b o a t and  th en  adhering  th is  w e igh ing  b o a t to  th e  
bo ttom  o f  th e  sam p le  cham ber. A n  a ir  h o se  w as  connec ted  to  th e  sam p le  ch am be r and  its  
nozz le  d irec ted  tow ard s  th e  coal d u s t sam p le . T he  a ir  w as  tu rn ed  on  and  m a in ta in ed  a t 
ra te  o f  25  1/min fo r 5 to  10 seconds. T h is  re su lted  in  th e  coa l du s t sam p le  b e ing  
d is tribu ted  in th e  sam p le  cham ber. T he  du s t w as  a llow ed  to  se ttle  fo r 10 m inu te s , b e fo re  
co llec tin g  a  sam ple , so  th a t a ll th e  la rge  p a rtic le s  w ou ld  fa ll o u t o f  th e  a ir , le av ing  th e  
re sp irab le  pa rtic le s  to  be  sam p led . The  sam p le  co llec tio n  ra te  w as  n o t rep ro du c ib le  b u t it 
en su red  th a t th e re  w as  coal du st p re sen t in th e  ch am ber fo r each  sam p ling  p e rio d .
To  m ake  m ix tu re  D PM  and  coal d u s t sam p les  u s ing  th is  m e thod  it w as  n ece ssa ry  to  re ­
ch arac te rise  th e  D PM  co llec tion  ra te . T h is  w as  n ecessa ry  b ecau se  th e  D PM  co lle c tio n  
ra te  w as  p rev iou s ly  cha rac te rised  w hen  th e re  w ere  4  p um ps, runn ing  a t 2  1/min, d raw ing  
th e  d ie se l em ission s  in to  th e  cham ber. W hereas, th is  n ew  m e thod  d id  n o t in vo lv ed  th e  u se  
o f  th e se  pum p s  b ecau se  th ey  w ou ld  h ave  sucked  th e  coa l d u s t o u t o f  th e  ch am be r w h en  
th e  la rg e r p a rtic le s  w e re  a llow ed  to  se ttle . The  low est D PM  lo ad ing  fo r  th e  p rev io u s  
m ix tu res  w as  es tim ated  to  be  66pg , u s ing  a  2 .5m inu te  co llec tion  tim e . So, to  im p rove  th e  
lim it o f  d e tec tion  it w as  necessa ry  to  p ro du ce  a  m ix tu re  sam p le  w ith  a  D PM  lo ad ing  o f  
less th an  th is . It w as  d ec id ed  th a t a  co llec tio n  tim e  o f  1 m inu te  w ou ld  be  app rop ria te .
The  exh au s t p ip e  o f  a  d ie se l v an  w as  connec ted  to  th e  sam p ling  system , a fte r  b een  ru n  on  
id le  fo r 30  m inu te s  to  g e t con sis ten t em ission s . T he  system  w as  a llow ed  to  fill fo r  10 
m inu te s . The  a ir  in th e  ch am ber w as  sam p led  fo r  1 m inu te  u s in g  a  p um p  ru nn ing  a t 2  
1/min. Th is  w as  repea ted  3 tim es and  th e  sam p le  load ings w e re  2 7 ,3 2  and  31 jig  
re spec tive ly . Therefo re , th e  average  D PM  lo ad ing  w hen  co llec tin g  fo r 1 m inu te  w as 
30pg . I t  w as th en  n ecessa ry  to  p roduce  a  D PM  sam p le  w ith  a  lo ad in g  in  th e  ran g e  o f  70
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to  150pg. Th is  w as  a ttem p ted  u s in g  c o llec tio n  tim es  rang ing  from  3.5  to  5 m inu te s . 
H ow ever, no  rep roduc ib le  re su lts  w e re  ob ta in ed  fo r  th e se  co llec tion  tim es . T here fo re  it 
w as  on ly  p o ss ib le  to  try  to  p roduce  an  add itiona l m ix tu re  sam p le  w ith  a  D PM  lo ad ing  o f  
around  30pg .
To  p roduce  th e  m ix tu re  sam p le  0 .5g  o f  coal d u s t w as  p la ced  in  a  w e igh ing  bo a t in  th e  
cen tre  o f  th e  sam p ling  cham ber. T he  d u s t w as  b lasted  w ith  a ir  runn ing  a t 25  1/min fo r 
a round  5 second s  and  a llow ed  to  se ttle  fo r  10 m inu tes . M eanw h ile , th e  d ie se l e x h au s t w as  
connec ted  to  th e  b ox  and  w as  a llow ed  to  fill th e  sam p ling  system  fo r 10 m inu te s , w h ile  
th e  coal d u s t se ttled . A fte r  th e  10 m inu te s  and  sam p ling  pum p  w as  tu rn ed  on  fo r 1 
m inu te . The  to ta l w e igh t o f  th e  sam p le  w as  3 27pg . F rom  th e  ch arac te risa tio n  o f  th e  D PM  
co llec tion  ra te  it w as  k now n  th a t th e  D PM  lo ad ing  fo r  1 m in  w as 30pg . T here fo re  th e  
coal d u s t lo ad in g  w as  2 97pg . T h is  sam p le  w as  h ea t- trea ted  to  625°C  in  N 2 fo r 15 
m inu te s . 12 spec tra  o f  th e  sam p le  w ere  ta k en  u s ing  th e  sam e pa ram ete rs  a s  th e  p rev io u s  
h ea t-trea ted  m ix tu re  sam ple . The  firs t 2  sp ec tra  w e re  d isca rd ed  due  to  h ig h  flu o rescen ce  
leve ls , a s  d iscu ssed  in  sec tion  5 .3 .12 . A n  exam p le  spec trum  o f  th e  sam p le  is  sh ow n  in 
spec trum  5 .3 .18 .
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Coun ts /  R am an  S h if t (cm -1 )
S p e c t r u m  5 .3 .1 8 : 30pg  D PM  and  297pg  coal dust on  a  quartz  fib re  filter , 400s, 
x5ob j, 633nm  lase r at 100%  pow er, h ea t-trea ted  to 625°C , ro ta tin g  at 3rpm
5 .3 .15  P L S  m o d e l  u s in g  a n  a d d i t io n a l  m ix tu r e  s am p le
5 .3 .15 .1  I n t r o d u c t i o n
In  th is  sec tion  w e investiga te  the e ffect o f  u sing  the  add itiona l 3 0pg  D PM  and  2 9 7pg  
coal dust m ix tu re  sam ple  fo r ou r PLS m odel
5 .3 .1 5 .2  E x p e r im e n ta l
The 10 rep lic a te  spec tra  o f  the  30jug D PM  and  297pg  coal du st m ix tu re  sam p le  w ere  
added to the  PLS  da ta  set u sed  in  sec tion  5 .3 .13 and  a new  m odel w as construc ted . The 
concen tra tion  values  fo r the  D PM  and  coal du st w ere  no rm alised  acco rd ing  to  a rea  o f  th e  
5 2 0 cm '1 silicon  peak  fo r the  d ay  o f  analysis. These  va lues  b e ing  35 jug and  347pg  
respec tively .
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5 .3 .1 5 .3  R e s u l t s  a n d  d i s c u s s io n
The D PM  and  coal dus t PRESS  and  ac tual versus p red ic ted  p lo ts  are show n  in  figures  
5 .3 .34  th rough  5 .3 .37.
Fac to r No.
F ig u r e  5 .3 .3 4 : PRESS  p lo t fo r the  D PM  com ponen t o f  a hea t-trea ted  m ix tu re  sam ple
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8sam p le s .td f,4  (R2 = 0 .9 73700454 )
A c tua l C oncen tra tio n  ( C1 )
F ig u r e  5 .3 .35 : A ctua l versu s  p red ic ted  concen tra tion  p lo t fo r the  D PM  com ponen t o f  a 
h ea t-trea ted  m ix tu re  sam ple , u s ing  3 factors
F acto r
F ig u r e  3 .5 .3 6 : PR E S S  p lo t fo r  th e  co a l d u s t c om po n en t o f  a  h e a t- tre a te d  m ix tu re  s am p le s
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8sam ptes  td f.4  (R * = 0 .9 07109925 )
P red ic ted /A ctua l Coal D ust concen tra tion  (jag)
F ig u r e  5 .3 .3 7 : Actual versus  p red ic ted  concen tra tio n  p lo t fo r th e  coal dus t com ponen t o f  
a h ea t-trea ted  m ix tu re  sam ple , u s ing  4 factors
The add ition  o f  th e  3 0pg  D PM  and  297pg  coal dust m ix tu re  sam ple  to  th e  PLS  m odel 
im proved  the  R 2 va lue  from  0.961 to 0 .974  for the  D PM  actual versus  p red ic ted  p lo t and  
from  0 .874  to  0 .907 fo r the  coal dust actual versus  p red ic ted  plot.
A  h igh  R 2 va lue  o f  0 .974  the  D PM  p lo t had  b een  achieved . This  w as an  in d ica tio n  tha t 
the m odel m ay  be  re liab le  enough  to  accu ra te ly  p red ic t th e  concen tra tion  o f  D PM  and  
coal dust in  an  unknow n  sample.
A  recon stru c ted  spectrum  for a sam ple  can  be  p roduced  from  a m ode l b y  com b in ing  the 
scores and load ings. The reconstruc ted  spectrum  can  then  be  sub trac ted  from  th e  orig in a l 
spec trum  to  investiga te  how  w ell the m odel fits th e  data. T yp ica l recon stru c ted  spec tra  
fo r the  D PM  com ponen t are show n in  figu re 5 .3 .38. T he  red  spec trum  is th e  o rig in a l 
spectrum , the  b lue  spec trum  is the  reconstruc ted  spectrum  and  the  b lu e  line at th e  bo ttom  
is the  d ifference  b e tw een  th e  o rig inal and reconstruc ted  spec trum  (the residua l). F igu re  
5 .3 .38 com pares  the  reconstruc ted  spectra  w hen  u sing  1 fac to r (le ft figu re) and  3 factors
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(righ t figu re). W hen  using  ju s t  1 fac to r th e  m odel fails to fu lly  accoun t fo r all th e  
v aria tio n  in  th e  spec tra  and  there is a  la rge d ifference  b e tw een  the  o rig in a l spec trum  and 
the  recon stru c ted  spec trum . W hereas, w hen  us ing  3 factors  th e  m ode l adequa te ly  
accoun ts  for th e  v aria tion  and  there is ve ry  little  d iffe rence  b e tw een  the  o rig in a l and the 
recon stru c ted  spectra
fu ll.td f.1
S pe c tra l U n its  ( )
fu ll.td f.1
S pe c tra l U n its  ( )
F ig u r e  5 .3 .3 8 : C om parison  o f  a reconstruc ted  D PM  spectrum  using  1 fac to r (le ft) and  3
factors (right)
In  the  n ex t sec tion  w e  use the  m ode l developed  in  th is  sec tion  to  p red ic t th e  com position  
o f  a te st D PM  and  coal dus t m ix tu re  sam ple.
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5 .3 .1 5  P r e d ic t io n  o f  a n  u n k n o w n  s a m p le  u s in g  t h e  f in a l  P L S  m o d e l
5 .3 .1 5 .1  I n t r o d u c t io n
W hen  c o lle c tin g  D PM  and  co a l d u s t m ix tu re  sam p le s  tw o  sam p le s  w e re  c o lle c te d  
s im u ltan eo u s ly . T he re fo re , fo r  e a ch  sam p le  u s ed  in  th e  PL S  m o d e l w e  h a v e  a n o th e r  
sam p le  th a t w a s  c o lle c te d  a t th e  s am e  tim e , w h ic h  sh o u ld  h a v e  a  s im ila r  lo ad in g . In  th is  
s e c tio n  w e  tre a t  o n e  o f  th e se  ad d itio n a l sam p le s  as  a n  u n k n ow n  a n d  u s e  th e  P L S  m o d e l to  
p re d ic t th e  am o u n t o f  D PM  an d  co a l d u s t p re sen t. A s  w e  k n ow  th e  t ru e  c om p o s it io n  o f  
th e  sam p le  w e  c an  d e te rm in e  th e  a c c u ra cy  o f  th e  p red ic tio n .
5 .3 .1 5 .2  E x p e r im e n t a l
T he  c om p o s itio n s  o f  th e  m ix tu re  sam p le s  w e re  d e te rm in e d  as  d e sc r ib e d  in  s e c tio n  5 .3 .4 . 
T h e se  v a lu e s  a re  g iv en  in  ta b le  5 .3 .10 . T he  sam p le  w h ic h  c o n s is te d  o f  1 5 6 p g  D PM  and  
1 3 9 pg  co a l d u s t (s am p le  4 (a )  in  ta b le  5 .3 .1 0 ) w a s  su b je c te d  to  a  s im ila r  h e a t- tre a tm en t 
p ro c e ss  a s  th e  s am p le s  u s ed  fo r  th e  P L S  m ode l. T h e  re sp o n se  o f  th e  R am an  in s trum en t 
fo r  th e  p a r t ic u la r  d a y  w a s  ch e ck ed  u s in g  th e  p e a k  a re a  o f  th e  5 2 0 cm '1 p e a k  o f  c ry s ta ll in e  
s ilico n . 12 R am an  sp e c tra  w e re  ta k en  o f  th is  sam p le  u s in g  th e  s am e  p a ram e te rs  a s  th e  
sam p le s  u s ed  fo r  th e  PL S  m od e l. T he  f irs t 2  sp e c tra  w e re  d isc a rd ed . U s in g  th e  rem a in in g  
10 sp ec tra , th e  f in a l PL S  m od e l w a s  u sed  to  p re d ic t  th e  c om p o s it io n  o f  th e  s am p le .
5 .3 .1 5 .3  R e s u l t s  a n d  d i s c u s s io n
A n  ex am p le  sp ec trum  o f  th e  1 5 6pg  D PM  an d  1 3 9 p g  co a l d u s t m ix tu re  s am p le  is  g iv e n  in  
sp ec trum  5 .3 .19 .
T h e  av e rag e  v a lu e  a n d  th e  s tan d a rd  d ev ia tio n  o f  th e  p re d ic te d  c o n c e n tra tio n  o f  th e  10 
sp e c tra  o f  th e  m ix tu re  D PM  an d  co a l d u s t sam p le  is  g iv en  in  ta b le  5 .3 .3 8
1 8 7
D PM C o a l  D u s t
A v e ra g e  p r e d ic te d  c o n c e n t r a t io n  (p g ) 222 91
S t a n d a r d  d e v ia t io n 6.8 16.5
%  S t a n d a r d  d e v ia t io n 3.1 18.1
T a b le  5 .3 .38 : A verage  p red ic ted  concen tra tion  o f  10 spectra  o f  a m ix tu re  D PM  and coal
dust sam ple
S p e c t r u m  5 .3 .1 9 : 30pg  D PM  and  297pg  coal dus t on  a  quartz  fib re filter, 400s, 
x5ob j, 633nm  lase r at 100%  pow er, h ea t-trea ted  to  625°C, ro ta tin g  at 3rpm
The tru e  com position  o f  the  sam ple  w as 156pg D PM  and  139pg  coal dust. H ow ever, as 
m en tioned  ea rlie r the  concen tra tion  values  o f  the  spec tra  u sed  in  the  PLS  m ode l w ere  
no rm alised  acco rd ing  to  the  response  o f  th e  in strum en t on  the  d ay  o f  analysis . The 
5 20 cm '1 s ilicon  peak  area  used  to  no rm alise  the  spec tra  w as 15756. The  s ilicon  p eak  area  
on the  day  o f  the  ana ly sis  o f  the so -called  “unknow n” sam ple  ana ly sed  in  th is  sec tion  w as 
21024. So, th e  p red ic ted  concen tra tio ns  needed  to be no rm a lised  b y  m u ltip ly ing  the  v a lue  
by  0 .749  (15756 /21024). The p red ic ted  D PM  and coal dust concen tra tion s  o f  the  
unknow n  sam ple  afte r no rm alisa tion  is g iv en  in  tab le  5 .3 .39.
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D PM G oa l D u s t
M ea n  p r e d ic te d  c o n c e n tra t io n  (p g ) 166 68
S ta n d a rd  d e v ia t io n 5.1 12.4
%  S ta n d a r d  d e v ia t io n 3.1 18.1
T a b le  5 .3 .39 : A ve rage  p red ic ted  con cen tra tio n  o f  10 sp ec tra  o f  a  m ix tu re  D PM  and  coal
dust sam p le , a f te r  no rm a lisa tion
To access  th e  accu racy  o f  th e  p red ic tio n  is it  n ece ssa ry  to  d eve lop  con fid en ce  in te rv a ls  
fo r th e  10 e stim ate s . W e w ill u se  95%  con fid ence  in te rv a ls  here . The genera l fo rm at o f  a  
con fid ence  in te rva l is th e  e stim ate  ±  th e  m arg in  o f  e rro r. T he  m arg in  o f  e rro r  can  be  
ca lcu la ted  from  th e  s tandard  e rro r on  th e  m ean  (SEM ), w h ich  is ca lcu la ted  as  in  eq u a tio n  
5 .3 .1 . W here  n  =  th e  n um be r o f  sam p les  u sed  fo r th e  estim ate .
SEM  =  SD  o f  th e  e s tim ate  /  4 n ( 5 .3 .1 )
The SEM  fo r D PM  and  coal d u s t w e re  re spec tiv e ly  ca lcu la ted  to  be  1.6 and  3 .9 .
The  m arg in  o f  e rro r is 2  tim es  th e  SEM  g iv ing  a  m arg in  o f  e rro r fo r th e  D PM  and  coal 
d u s t o f  3 .2  and  7.8 re spec tive ly . There fo re  th e  95%  con fid ence  in te rv a l fo r  th e  e s tim a ted  
m ean  w as:
162.1 to  169 .9pg  (166  ±  3 .9 pg ) fo r th e  D PM
60 .2  to  7 5 .8 p g  (68 ±  7 .8 p g  )fo r  th e  coal dust.
The tru e  com position  o f  th e  sam p le  w as  156pg  D PM  and  139pg  coal du st. The  PLS 
m odel s ligh tly  ove re stim a ted  th e  am oun t o f  D PM  p re sen t in  th e  sam p le  b u t g ave  a  la rg e  
unde re stim a tion  o f  th e  coal d u s t con ten t. There  a re  severa l p o ss ib le  ex p lan a tio n s  fo r th e  
in accu ra te  e s tim ations. T he  p ro cedu re  fo r p ro du c in g  th e  sam p les  and  th e  e s tim a tio n  o f  
each  con stitu en t in th e  sam p les  is o u tlin ed  ea rlie r  in th is  ch ap te r (sec tion  5 .3 .4 ). D PM  and  
coal d u s t w e re  s im u ltaneou sly  co llec ted  on  qua rtz  fib re  filte rs  and  th e  to ta l w e igh t o f  th e  
depo sited  sam p le  w as d e te rm ined  by  sub trac ting  th e  w e igh t o f  a  f ilte r  b e fo re  th e  
co llec tion  from  the  w e igh t a fte r th e  sam p le  co llec tion . T he  d epo sition  ra te  o f  th e  D PM  
had  b een  accu ra te ly  charac te rised . So, th e  am oun t o f  D PM  on  th e  filte r w as  know n  fo r  a
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g iven  tim e . The  am oun t o f  coal d u s t w as  th en  d e te rm ined  by  s im p ly  sub trac ting  th e  
expec ted  w e igh t o f  D PM  from  th e  to ta l sam p le  w eigh t. I t  is p o ss ib le  th a t th e  sam p le  by  
w h ich  th e  PLS m odel w as  te s ted  m ay  no t have  con ta in ed  th e  expec ted  am oun t o f  each  
constitu en t. The  fac t th a t th e  D PM  w as  overestim ated  and  th e  coal d u s t w as  
unde re stim a ted  m ay  be  an  ind ica tion  th a t th e re  w as  m o re  D PM  and  le ss  coal d u s t on  th e  
filte r th an  expec ted . I f  th is  w as  th e  o n ly  exp lana tion  fo r  th e  in accu ra te  e stim a te s  th e  
o ve re stim a tion  fo r th e  D PM  and  th e  u nde re stim a tion  o f  th e  coal d u s t shou ld  b e  s im ila r. 
H ow ever, th e  o v e r e s tim a tion  fo r th e  D PM  w as  3 .8  to  8 .9%  m o re  and  th e  unde re stim a tio n  
o f  th e  coal d u s t w as  45 .5  to  56 .7%  le ss  th an  th e  k now n  va lu es , in d ica tin g  th a t th e re  w ere  
add itio na l exp lan a tio n s  fo r th e  p o o r  estim ates . A no th e r p o ss ib ility  is th a t  th e  p rim ary  d a ta  
u sed  to  con stru c t th e  PLS  m odel w as  inaccu ra te . A  h igh  R 2 v a lu e  o f  o v e r 0 .97  w as  
ob ta in ed  fo r  th e  D PM  ac tu a l v e rsu s  p red ic ted  p lo t a nd  an  R 2 o f  0.91 fo r  th e  coa l du st.
This m ay  exp la in  w hy  th e  D PM  estim a tion  w as  m o re  a ccu ra te  th an  th e  coa l d u s t 
e stim ation . N everth e le ss , it is  n o t su ffic ien t to  re ly  so le ly  on  th e  R 2 v a lu e  to  v a lid a te  th e  
accu racy  o f  th e  m ode l. A no th e r  v a lu ab le  ca lcu la tion  fo r  ev a lu a ting  th e  accu racy  o f  th e  
m odel is th e  s tandard  e rro r o f  p red ic tio n  (SEP ) th is  in vo lv es  com paring  th e  d iffe rence  
be tw een  th e  ac tu a l concen tra tion  v a lu es  (Y act) and  th e  p red ic ted  con cen tra tio n s  (Y pre) o f  
th e  sp ec tra  u sed  to  con stru c t th e  m ode l. The  cu rren t m ode l w as  v a lid a ted  u s ing  c ro ss- 
v a lid a tio n  (as exp la in ed  in  sec tion  5 .2 ). So, th is  v a lu e  is  ca lled  th e  s tanda rd  e rro r  o f  c ro ss- 
v a lid a tio n  (SEVC ) ra th e r  th an  SEP. The  ca lcu la tion  is show n  in  equ a tio n  5 .3 .2  b e low :
T he  SEVC  va lues  fo r  D PM  and  coal d u s t u s in g  th e  cu rren t m ode l w e re  ca lcu la ted  to  be  
13 .5pg  and  3 6 .l p g  re spec tiv e ly . Th is  im p lie s  th a t a  te s t sam p le  w ith  con cen tra tio n s  o f  
156pg  D PM  and  139pg  coa l d u s t cou ld  be  p red ic ted  to  con ta in  142.5  to  1 69 .5pg  D PM  
and  102.9  to  139pg  coal du st, u s ing  th is  m odel. The  ave rage  es tim ated  v a lu e  fo r  th e  D PM  
w as 166pg  and  th is  indeed  fa lls  w ith in  th e  expec ted  p red ic tio n  range  fo r  th e  te s t sam p le . 
H ow ever, th e  average  coa l d u s t e stim ation  o f  6 8 p g  is still c on sid e rab ly  low er th an  th e  
SEVC  w ou ld  suggest. A lso , it is requ ired  th a t th e  m e th od  can be  u sed  to  m easu re  D PM
( 5 .3 .2 )
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levels  d ow n  to  2 0 pg . There fo re , a  SEVC  o f  13 .5pg  fo r  D PM  is to ta lly  in adequa te . 
Fu rth e r in vestig a tion  o f  th e  m ode l d iagno stic s  is requ ired  to  d e te rm ine  w hy  th is  v a lu e  is 
so  h igh . O ne  p o ss ib ility  is th e  in c lu s ion  o f  ou tlie rs  in  th e  tra in ing  set.
W hen  th e  op tim um  num be r o f  fac to rs  fo r  th e  m ode l h a s  been  de te rm ined , th e  p red ic ted  
concen tra tion s  o f  each  tra in ing  sam p le  w ith  th e  se lec ted  fac to r m ode l can  be  u sed  fo r 
o u tlie r  d e tec tion . The  d iffe rence  b e tw een  th e  ac tu a l and  p red ic ted  con cen tra tio n s  fo r a  
sam p le  is k now n  as th e  concen tra tion  re s idua l.
T he  m ode l a ttem p ts  to  a ccoun t fo r all th e  v a ria tio n s  in  th e  tra in ing  d a ta  w hen  th e  
ca lib ra tion  ca lcu la tion s  a re  pe rfo rm ed . T here fo re , th e  p red ic tion  e rro r  o f  m o s t o f  th e  
sam p les  shou ld  b e  app rox im a te ly  th e  sam e. Sam ple s  th a t  h ave  s ig n ific an tly  la rger 
concen tra tion  re s idua ls  th an  th e  re s t o f  th e  tra in in g  se t a re  know n  as concen tra tion  
ou tlie rs . S im ilarly , spec tra l re s idua ls  c an  b e  u sed  to  d e tec t spec tra l ou tlie rs . A  
recon stru c ted  spec trum  is p roduced  and  th e  spec tra l re s idua l is th e  d iffe rence  b e tw een  
th is  sp ec trum  and  th e  ac tu a l p red ic tio n  sp ec trum  and  is ca lcu la ted  u s in g  e q ua tio n  5 .3 .4 .
w here  p  is th e  n um be r o f  w ave leng th s  (d a ta  p o in ts )  in  th e  spec trum , A o rig  a re  th e  
orig inal spec trum  in ten s itie s , and  A p red  are  th e  m ode l p red ic ted  sp ec trum  in ten s itie s . 
The  concen tra tion  and  spec tra l re s idua l p lo ts  o f  D PM  and  coal d u s t fo r th e  cu rren t m ode l 
are  show n  in  figu res 5 .3 .3 9  th rough  5 .3 .42
R c  =  C o rig  -  C pred ( 5 .3 .3 )
(5 .3 .4 )
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F ig u r e  5 .3 .4 0 : C oal d u s t c o n c en tra tio n  re s id u a ls
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S am p le  N um b e r ( )
F ig u r e  5 .3 .41 : D PM  spec tral residuals
fu ll.td f.1
S am p le  N um b e r ( )
F ig u r e  5 .3 .4 2 : C oa l d u s t sp ec tra l re s id u a ls
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The  concen tra tion  re sidua ls  for bo th  the D PM  and coal dus t are sp read  o v e r a w ide  range 
m ak ing  it d ifficu lt to d e term ine  the  like lihood  tha t a sam ple  is rea lly  an  ou tlier. The 
G ram s PLSp lu s/IQ  so ftw are  used  for th e  cu rren t w o rk  app lies an  F -te s t m ethod  for 
d e te rm in ing  the s ta tis tica l sign ificance  o f  a sam p le ’s concen tra tion  residua l w ith  respect 
to the  res t o f  th e  tra in ing  set. The  suspected  ou tlie rs  are m arked  in  red  in  th e  residuals  
p lo ts  (fig  5 .3 .43). A  s im ila r m ethod  is u sed  fo r d e te rm in ing  the  spec tra l ou tlie rs.
A lthough  in  the  p re sen t case  the spec tral ou tlie rs  are obv ious to the  n ak ed  eye. The 
su spec ted  spectra l ou tlie rs  m arked  w ith  the  num bers 58-67 co rrespond  to  the  spec tra  from  
the n ew  sam ple  w ith  30ug  D PM  and 297ug  coal dust. Th is  suggests  th a t th e  m ode l m ay  
be ab le to  p red ic t b e tte r  w ithou t th is  sam ple  included. How ever, in  the  p rev iou s  section  
(5 .3 .13) a PLS  m ode l w as construc ted  w here  th is  sam ple  w as no t in c lude  and  the  R  
va lu es  fo r D PM  and coal w ere  0.961 and  0 .874  re sp ec tiv e ly  (figu res 5.3.31 and  5 .3 .33), 
com pared  to  0 .974 and  0 .907 for the  cu rren t m odel. A lso  the SEVC  fo r th e  m ode l w ithou t 
th is  sam ple  w as 13.6 and  39.1 for th e  D PM  and coal du st re spec tive ly , com pared  to  13.5 
and 36.5 fo r th e  cu rren t m odel.
fu ll. td f.3
S am p le  N um be r ( )
F ig u r e  5 .3 .4 3 : Spectra l ou tlie rs  for PLS m odel w ith  on ly  6 h ea t-trea ted  sam ples
(from  m odel in  sec tion  5 .3 .12)
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T he  sp e c tra l re s id u a ls  fo r  th e  m o d e l in  s e c tio n  5 .3 .12  (w ith o u t th e  a d d it io n  o f  th e  e x tra  
s am p le )  a re  sh ow n  f ig u re  5 .3 .4 3 . W ith o u t th e  s tro n g  in f lu en c e  o f  th e  n ew  s am p le  o n  th e  
F - te s t  o u tl ie r  d e te c tio n  m a n y  o f  th e  rem a in in g  sp e c tra  w e re  p re d ic te d  to  b e  o u tlie rs . U s in g  
th e  F - ra tio  m e th o d  h a s  id e n tif ie d  m a n y  p o s s ib le  c o n c e n tra tio n  a n d  sp e c tra l o u tlie rs . T he  
n e x t lo g ic a l s tep  w o u ld  b e  to  rem o v e  th e se  p o te n tia l o u tlie rs  f rom  th e  m o d e l a n d  
in v e s tig a te  i f  th e  R  v a lu e  in c re a se s  a n d  th e  R M SV  v a lu e  d e c rea se s . H ow ev e r , th e  o u tl ie r  
d e te c tio n  su g g e s ts  th e  rem o v a l o f  a  v a s t  n um b e r  o f  th e  sp ec tra . T h is  c o u ld  p o s s ib ly  
u n d e rm in e  th e  m o d e l b e c a u se  o n ly  1 o r  2  o f  th e  re p lic a te  sp e c tra  fo r  o n e  s am p le  w o u ld  b e  
r em o v ed  a n d  th e  m a jo r i ty  o f  th e  sp e c tra  fo r  a n o th e r  s am p le  w o u ld  b e  rem ov ed . R e su ltin g  
in  th e  m o d e l c o n ta in in g  2  o r  3 re p lic a te  sp e c tra  f rom  o n e  s am p le  an d  u p  to  10 sp e c tra  fo r  
a n o th e r  s am p le . T h is  w o u ld  re su lt  in  th e  m o d e l b e in g  m u c h  m o re  h e a v ily  in f lu e n c e d  b y  
o n e  sam p le  th a n  a n o th e r  a n d  w e ak en  its  p re d ic tiv e  a ccu ra cy . A lso , i t  is  k n ow n  th a t  th e  
m ix tu re  D PM  an d  co a l d u s t s am p le s  a re  h ig h ly  h e te ro g en eo u s . So , it  is  l ik e ly  th a t  th e  
la rg e  n um b e r  o f  d e te c te d  o u tlie rs  is  d u e  to  10 re p lic a te  fo r  e a c h  sam p le  s im p ly  n o t  b e in g  
a d eq u a te  e n o u g h  to  a c co u n t fo r  th e  p o s s ib le  d if fe re n t sp e c tra  fo r  e a c h  sam p le . T h e re fo re , 
i t  w o u ld  p ro b a b ly  b e  b e t te r  to  c o lle c te d  15 o r  e v en  2 0  sp e c tra  o f  e a c h  sam p le , fo r  fu tu re  
PL S  tra in in g  se ts , r a th e r  th a n  rem o v in g  a ll th e  su sp e c ted  o u tlie rs  f rom  th e  c u rre n t m o d e l 
to  a c co u n t fo r  th e  v a r ia n c e  in  th e  sp e c tra  fo r  e a ch  sam p le .
A n o th e r  im p o r ta n t d ia g n o s tic  fo r  c h em om e tr ic  m o d e ls  a re  th e  fa c to r  lo ad in g s . I t  c an  b e  
seen  from  th e  PL S  lo ad in g s  p lo ts  in  fig u re s  5 .3 .4 4  a n d  5 .3 .4 5  th a t  fo r  D PM  3 fa c to rs  w a s  
su ff ic ie n t to  m o d e l th e  v a r ia n c e  as  th e  lo a d in g  p lo t  fo r  th e  4 th fa c to r  c o n ta in s  l i t t le  o r  n o  
v a r ia n c e  a n d  u s in g  a n y  m o re  th a n  3 fa c to rs  w o u ld  r e s u lt  in  in c o rp o ra tin g  n o is e  in to  th e  
m od e l. F o r  th e  s am e  re a so n  4  fa c to rs  w a s  co n s id e re d  to  b e  su f f ic ie n t to  m o d e l th e  co a l 
d u s t v a ria n ce . T h e  PL S  fa c to r  lo ad in g s  c an  b e  u s e d  to  in v e s t ig a te  i f  th e  m o d e lle d  
v a r ia n c e  is  a c tu a lly  d u e  to  re a l sp ec tra l d if fe ren c e s  b e tw e e n  th e  c o n s ti tu e n ts . J u s t  lik e  
w ith  th e  PC A  lo ad in g s  fo r  th e  P C A  m od e l in  se c tio n  5 .3 .2 , w h e re  th e  1st lo a d in g  
c o n ta in ed  v a r ia n c e s  o c cu r r in g  in  s im ila r  p o s it io n s  to  th e  D  a n d  G  b a n d s  a n d  w a s  
a ttr ib u te d  to  d e f in ite  sp e c tra l d iffe ren ce s . H ow ev e r , i t  is  c le a r  th a t  h e re  th e  la s e r  p la sm a  






























































f u l l . td f ,  1
S p e c tra l  U n its  ( )  
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F ig u r e  5 .3 .44 : D PM  fac to r load ings
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F ig u r e  5 .3 .4 5 : C oal d u s t fa c to r  lo ad in g s
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In  th e  s e c o n d  lo a d in g  th e  m a jo r  v a r ia n c e  is  d u e  to  th e  d if fe re n c e  b e tw e e n  th e  D  a n d  G  
b a n d s  a t ca. 1 3 5 0 cm '1 a n d  c a l5 8 5 c m '1 re sp ec tiv e ly . T h e  fa c t th a t  th e  p la sm a  l in e s  h a v e  
su ch  a  la rg e  c o n tr ib u tio n  to  th e  v a r ia n c e  in  th e  1st fa c to r  s ig n if ie s  th a t  th e y  c o u ld  
in f lu en c e  th e  p re d ic tiv e  a c c u ra cy  o f  th e  cu rre n t m od e l. I t  is  p o s s ib le  th e se  p la sm a  lin e s  
a re  re sp o n s ib le  fo r  th e  h ig h  SEV C  and  th e  in a c cu ra te  e s tim a te s  fo r  th e  te s t  sam p le . 
F o r tu n a te ly , o n e  c an  rem o v e  sp u rio u s  p e a k  from  sp e c tra  v ia  sp e c tra l p ro c e s s in g . L a te r  w e  
w ill  try  to  rem o v e  a n y  o b v io u s  p la sm a  lin e s  from  th e  sp e c tra  u s e d  in  th e  m o d e l a n d  th e n  
re - ru n  a  m o d e l w ith  th e se  m o d if ie d  sp ec tra , to  in v e s tig a te  i f  th is  im p ro v e s  th e  R 2 an d  
SEV C  v a lu e s . H ow ev e r , in  th e  n e x t se c tio n  w e  w ill  f ir s t  in v e s tig a te  th e  e f fe c t  o f  
n o rm a lis in g  th e  a re a s  o f  th e  sp e c tra  u s ed  in  th e  tra in in g  s e t  a n d  in p u ttin g  th e  D PM /co a l 
d u s t ra tio s  in s te ad  o f  th e ir  a b so lu te  c o n cen tra tio n s .
5 .3 .1 6  I n v e s t i g a t io n  o f  t h e  e f f e c t  o f  s p e c t r a l  a r e a  n o r m a l i s a t i o n
5 .3 .1 6 .1  I n t r o d u c t i o n
E a r lie r  in  th is  w o rk  it w a s  m en tio n e d  th a t th e  s ig n a l o f  a  R am an  in s trum en t v a r ie s  from  
d ay  to  d a y  a n d  m ak in g  i t  is  n e c e s sa ry  to  c a lib ra te  th e  in s trum en t e a c h  d ay . I t  is  p o s s ib le  
to  rem o v e  v a r ia tio n s  d u e  to  la se r  p ow e r  f lu c tu a tio n s , s am p le  a lig nm en t e tc  b y  
n o rm a lis in g  th e  sp e c tra  in  th e  t ra in in g  se t so  th a t  th e y  a ll h a v e  th e  s am e  to ta l  a re a  
( in teg ra te d  in te n s ity ) . T h en  in s te a d  o f  in p u ttin g  th e  a b so lu te  c o n c e n tra tio n s  o f  th e  D PM  
an d  co a l d u s t o n e  c a n  in p u t th e  D PM /co a l d u s t c o n c e n tra tio n  ra tio s . T h is  re su lts  in  th e  
P L S  an a ly s is  o n ly  u s in g  re la tiv e  in te n s ity  c h an g e s  w ith in  a  sp e c trum  fo r  th e  c a lib ra tio n , 
ra th e r  th a n  th e  a b so lu te  in ten s ity . T h is  som e tim es  g iv e s  m u c h  b e t te r  c a lib ra tio n s .
5 .3 .1 6 .2  E x p e r im e n t a l
T he  sp e c tra  u s e d  fo r  th e  PL S  m o d e l in  th e  p re v io u s  se c tio n  w e re  n o rm a lis e d  to  u n it  a re a  
b y  d iv id in g  e a ch  p o in t  in  th e  sp e c trum  b y  its  in te g ra te d  sp e c tra l a re a . T h e se  a re a  
n o rm a lis e d  sp e c tra  w e re  th e n  u s e d  to  c o n s tru c t a  n ew  PL S  m o d e l u s in g  th e  s am e  
p a ram e te rs  a s  th e  p re v io u s  m o d e l. T h e  sp e c tra  w e re  b a se lin e  c o rre c ted , m e a n  c en tred , th e
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w hole  spec tral range  w as used, 10 factors  w ere ca lcu la ted  and  c ro ss-v a lid a tion  w as  
app lied .
5 .3 .1 6 .3  R e s u l ts  a n d  d is c u s s io n
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S pe c tra l U n its  ( )  
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F ig u r e  5 .3 .4 6 : Fac to r lo ad ings the  no rm a lised  spec tra
F rom  the  fac to r lo ad ings in  figu re  5 .3 .46  it is can  be  seen  th a t th e  p la sm a  lines h av e  an  
even g rea ter con tribu tion  to  th e  variance  for th e  m odel p roduced  w ith  n o rm a lised  spec tra , 
th an  fo r the  p rev iou s  m odel. This m ay  po ss ib ly  be  due  to  d iffe ren t coverage  o f  the  
substrate for each  sam ple . W hen  there is low  coverage  m ore  lig h t is re flec ted  from  the 
substrate resu lting  in  a la rger con tribu tion  to the spec tra  b y  the  p la sm a  lines. W hen  there  
is a  h igher level o f  coverage  m ore  o f  the  ligh t is abso rbed  b y  the  b lack  sam p les  re su lting  
in less con tribu tion  from  the  p lasm a lines. Th is  can  p a rticu la rly  b e  a p rob lem  w ith  a 
m odel u sing  the  D PM /coa l ratios b ecause  som e sam ples w ith  s im ila r ra tio s  w ill h ave  
d ifferen t to ta l w eigh ts  (substra te  coverage) and therefo re  d iffe ren t con trib u tion s  from  the
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p la sm a  lin e s . T h e  in f lu en c e  o f  th e  p la sm a  lin e s  m a y  h av e  c o n tr ib u te d  to  th e  p o o r  R  v a lu e  
o f  0 .8 401  h e re .
In  th e  n e x t  s e c tio n  w e  w ill  in v e s tig a te  th e  e ffe c t o f  rem o v in g  a n y  o b v io u s  p la sm a  lin e s  
from  th e  sp e c tra  b e fo re  c o n s tru c tin g  a  n ew  PL S  m ode l.
5 .3 .1 7  I n v e s t i g a t io n  o f  t h e  e f f e c t  o f  r em o v in g  p la sm a  l in e s  f r o m  t h e  t r a in in g  s e t  
s p e c t r a
5 .3 .1 7 .1  I n t r o d u c t i o n
I t  w a s  d e te rm in e d  from  th e  p re v io u s  PL S  fa c to r  lo a d in g s  th a t la s e r  p la sm a s  lin e  
c o n tr ib u te  h e a v ily  to  th e  v a ria n ce . I t  is  b e lie v ed  th a t th e se  lin e s  m a y  a f fe c t th e  p re d ic tiv e  
a c c u ra cy  o f  th e  m o d e l. S o , i f  th e y  w e re  rem o v ed  from  th e  sp e c tra  a n d  a  n ew  m o d e l 
p ro d u c e d  w ith  th e  “p la sm a  lin e  f re e ”  sp e c tra  it  is  p o s s ib le  th a t  th e  R  a n d  SEV C  v a lu e s  
w o u ld  b e  im p ro v ed  a n d  in  tu rn  im p ro v e  th e  p re d ic tiv e  a c c u ra cy  o f  th e  m o d e l.
5 .3 .1 7 .2  E x p e r im e n t a l
A ny  o b v io u s  p la sm a  lin e s  w e re  rem ov ed  from  th e  sp e c tra  to  b e  u s e d  fo r  th e  tra in in g  se t 
a n d  a  n ew  m o d e l w a s  p ro d u c e d  u s in g  th e se  m o d if ie d  sp ec tra . T h e  sp e c tra  w e re  b a se lin e  
c o rre c ted , m e a n  c en tred , th e  w h o le  sp e c tra l ra n g e  w a s  u sed , 10 fa c to rs  w e re  c a lc u la te d  
an d  c ro s s -v a lid a tio n  w a s  app lied .
5 .3 .1 7 .3  R e s u l t s  a n d  d i s c u s s io n
T h e  D PM  and  co a l d u s t a c tu a l v e rsu s  p re d ic te d  p lo ts  a re  sh ow n  in  f ig u re s  5 .3 .4 7  an d  
5 .3 .4 8 .
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za pp ed .td f.1  (R» = 0 .96731454)
P red ic ted /A ctu a l D PM  concen tra tion  (jug)
R 2=  0 .9 6 7
F ig u r e  5 .3 .4 7 : Actual versus  p red ic ted  concen tra tio n  p lo t fo r th e  D PM  com ponen t u sing
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F ig u r e  5.3 .49 : D PM  fac to r lo ad ings
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F ig u r e  5 .3 .5 0 : C oa l d u s t fa c to r  lo ad in g s
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A  fin a l a ttem p t to  p ro d u c e  a  m o d e l w ith  im p ro v ed  R  a n d  SEV C  v a lu e s  is  m a d e  in  th e  
n e x t sec tio n . T h is  a g a in  in v o lv e s  n o rm a lis in g  th e  sp e c tra l a re a s  a n d  in p u tt in g  th e  
D PM /co a l c o n c e n tra tio n  ra tio s  ra th e r  th a n  th e ir  a b so lu te  c o n c e n tra tio n s  b u t  u s in g  th e  
sp e c tra  w ith  th e  rem o v e d  p la sm a  lines .
5 .3 .1 8 :  P L S  m o d e l  o f  s p e c t r a  w i th  t h e  p la sm a  l in e s  r e m o v e d  a f t e r  a r e a  
n o rm a l i s a t i o n
5 .3 .1 8 .1  I n t r o d u c t i o n
N ow  th a t th e  p la sm a  l in e s  h a d  b e e n  a lm o s t c om p le te ly  rem o v ed  from  th e  s p e c tra  a  m o d e l 
u s in g  a re a  n o rm a lis e d  sp e c tra  m ig h t w o rk  b e tte r  th a n  th e  p re v io u s  a ttem p t w h e re  th e  
v a r ia n c e  d u e  to  th e  p la sm a  lin e s  d om in a te d  th e  fa c to r  lo ad in g s . E v en  th o u g h  th e  rem o v a l 
o f  th e  p la sm a  lin e s  h ad  n o  s ig n if ic a n t e ffe c t o n  th e  R  a n d  SEV C  v a lu e s  o n  th e  p re v io u s  
m od e l, u s in g  a b so lu te  c o n cen tra tio n s , it is  s till  p o s s ib le  th a t  a  m o d e l u s in g  a re a  
n o rm a lis e d  sp e c tra  w o u ld  b e  im p rov ed .
5 .3 .1 8 .2  R e s u l t s  a n d  d i s c u s s io n s
T he  a c tu a l v e rsu s  p re d ic te d  p lo t fo r  th e  D PM /co a l d u s t ra t io s  is  s h ow n  in  f ig u re  5 .3 .51 . 
T he  R 2 h a s  d e c re a se d  to  0 .835  fo r  th is  m o d e l f rom  0 .848  from  th e  m o d e l u s in g  a re a  
n o rm a lis e d  sp e c tra  w ith o u t th e  rem ov a l o f  th e  p la sm a  lin e s . T h is  in d ic a te s  th a t th e  
rem ov a l o f  th e  p la sm a  lin e s  re su lts  in  s lig h tly  re d u c in g  th e  p re d ic tiv e  a c c u ra cy  o f  th e  
m od e l. I t is  p o s s ib le  th a t  th e  p la sm a  lin e s  th em se lv e s  o f fe r  s om e  u se fu l in fo rm a t io n  o r  
b e c au se  th e  m o d if ic a tio n  o f  th e  sp e c tra  a f te r  th e  rem o v a l o f  th e  p la sm a  lin e s  in tro d u c e s  
som e  v a r ia n c e  in to  th e  m ode l.
2 0 3
ra t io .td f.3  (R * -  0 .8 34526221 )
R  =  0 .8 3 4
 1------------1------------1------------1------------r
P red ic te d /A c tu a l D PM :d o a l d u s t ra tio s  (jag)
Figure 5.3.51: A c tu a l v e rsu s  p re d ic te d  p lo t fo r  th e  D PM /co a l d u s t ra tio s , u s in g  3 fa c to rs
S pec tra l U n its  ( ) S pec tra l U n its  ( )
S pectra l U n its  ( ) S pec tra l U n its  ( )
F ig u r e  5 .3 .5 2 :  D PM /co a l d u s t ra tio  fa c to r  lo ad in g s
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T he  fa c to r  lo a d in g s  fo r  th is  p a r tic u la r  m o d e l a re  sh ow n  in  f ig u re  5 .3 .5 2 . T h e  v a r ia n c e  du e  
to  th e  p la sm a  lin e s  w a s  a lm o s t c om p le te ly  rem ov ed . T h e  lo a d in g  fo r  th e  f ir s t  fa c to r  is  
d if f ic u lt to  in te rp re t. I t  is  a  n e g a tiv e  lo a d in g  so  th e  p e ak s  fo r  th e  v a r ia n c e  o c c u r  a t a ro u n d  
16 0 0 cm '1, w h ic h  c o rre sp o n d s  to  th e  G  b an d . T h e re  is  a lso  a  p e a k  a t a ro u n d  1 4 5 0 cm '1 
w h ic h  is  c o u ld  b e  d u e  to  a  d iso rd e re d  sp  -b o n d ed  c a rb o n  p h a se  p re s e n t in  th e  c o a l d u s t 
b u t n o t in  th e  D PM . W e  w o u ld  a lso  ex p ec t a  p e a k  a t a ro u n d  1350 cm ’1 d u e  to  d if fe re n c e  in  
th e  D  b an d . H ow ev e r  th e re  w a s  a  tro u g h  o b se rv ed  in  th is  re g io n  fo r  a n  u n k n ow n  re a so n .
A fte r  in v e s t ig a tin g  th e  v a r io u s  m o d e l ty p e s , i t  w a s  c o n c lu d ed  th a t  th e  b e s t  p o s s ib le  
m od e l, u s in g  th e  d a ta  c o lle c te d  d u r in g  th e  p re s e n t w o rk , w a s  w ith  th e  sp e c tra  w ith o u t 
rem o v in g  th e  la s e r  p la sm a  lin e s  an d  in p u ttin g  th e  a b so lu te  c o n c e n tra tio n s  fo r  th e  
c o n s ti tu en ts  ra th e r  th a n  a re a  n o rm a lis in g  th e  sp e c tra  a n d  in p u ttin g  th e ir  c o n s ti tu e n t ra tio s . 
T h e  p a ram e te rs  fo r  th e  fin a l m o d e l in v o lv ed  m e an  c e n tr in g  th e  d a ta , v a l id a t io n  w ith  
c ro s s -v a lid a tio n  s eq u e n tia lly  rem ov in g  1 sam p le , u s in g  3 fa c to rs  fo r  th e  D PM  p re d ic tio n  
p lo t an d  4  fa c to rs  fo r  th e  c o a l d u s t p lo t. T h is  re su lte d  in  R 2 v a lu e s  o f  0 .9 7 4  a n d  0 .9 0 7  
w ith  SECV  v a lu e s  o f  13.5jng an d  3 6 .1 p g  re sp ec tiv e ly .
In  th e  n e x t  s e c tio n  a  g e n e ra l d is cu s s io n  o n  th e  f in d in g s  f rom  th e  c u rre n t w o rk  a n d  
re c om m en d a tio n s  fo r  fu r th e r  w o rk  w h ic h  m a y  p o s s ib ly  im p ro v e  th e  c u r re n t m o d e l, a re  
g iv en .
2 0 5
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6  D is c u s s io n
6 .1 .1  T h e  in i t ia l  R am a n  s tu d y  o f  s e p a r a t e  D P M  a n d  c o a l  d u s t
The  in itia l R am an  stu dy  o f  separa te  D PM  and  coal d u s t sam p les  docum en ted  som e 
d is tin c t d iffe rences  b e tw een  th e ir  spec tra . T h e  D PM  sp ec tra  h ad  b ro ad e r b and s, w e re  le ss  
in ten se  and  con ta in ed  a  sadd led  sh aped  fea tu re  b e tw een  2 0 0 -9 0 0 cm '1. These  fac ts  
in d ic a ted  th a t th e  carbon  from  th e  D PM  w as  m uch  m o re  “am orphous” th an  th e  ca rbon  
from  th e  co a l dust. T h e  p re sen ce  o f  add itio n a l b and s  a t 1173cm '1, 1 252cm '1 and  1 440cm '1 
in  th e  coa l d u s t sp ec tra  ind ica ted  th a t a  la rg e  p ro po rtio n  o f  th e  c arbon  w as  sp  -bonded .
6 .1 .2  X P S  a n a ly s is  o f  D P M  a n d  c o a l  d u s t
From  th e  X PS  ana ly s is  o f  th e  D PM  and  coa l d u s t it w as  ob se rv ed  th a t th ey  re sp ec tiv e ly  
con ta in ed  69%  and  87%  carbon . The  second  m o s t ab und an t e lem en t fo r bo th  sam p les  
w as oxygen , b e ing  29%  fo r D PM  and  12%  fo r th e  coa l du st. T race  am oun ts  o f  Fe , S and  
Si w ere  de tec ted  in  th e  D PM  and  trace  am oun ts  o f  Fe , S, Si and  A l w ere  d e tec ted  in  th e  
coal dust. F rom  th e  cu rv e fit o f  th e  X PS  C l s  p eak s  o f  D PM  and  coa l d u s t i t  w as  e s tim a ted  
th a t th e  D PM  carbon  w as  71%  sp2-bonded  and  12%  sp3-bonded . The carbon  from  th e  
coa l d u s t w as  estim ated  to  b e  29%  sp2-bonded  and  41%  sp3-bonded . These  v a lu es  
co rre la ted  w e ll w ith  th e  R am an  spec tra , w h ich  in d ic ted  th a t th e  coal d u s t h ad  a  m uch  
h igh e r sp3-bonded  carbon  con ten t th an  th e  D PM .
6 .2 .3  D R IF T S  o f  c o a l  d u s t  a n d  D P M
The  DR IFTS  spec trum  o f  th e  coal d u s t sam p le  con ta in ed  a rom atic  and  a lip h a tic  b and s, 
w h ich  con firm ed  th e  p re sen ce  o f  o rgan ic  m a te ria l th a t w as  n o t d e tec ted  in  th e  R am an  
spec tra  o f  th e  coa l dust. There  w e re  a lso  b and s  p re sen t w h ich  w ere  p o ss ib ly  due  to  
c arbona te  and  s ilica te  m inera ls . N o  DR IFTS  spec trum  w as  ob ta in ed  o f  a  D PM  sam p le  
b ecau se  it w as  deep  b la ck  in  c o lou r and s trong ly  ab so rb ed  th e  in frared  rad ia tion . Th is
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w as even  ob se rv ed  fo r d ilu te  sam ples . Sp2-bonded  ca rbon  m a te ria ls  a re  le ss  tran sp a ren t 
th an  sp3-bonded  carbons  and  th e re fo re  m o re  re ad ily  ab so rb  rad ia tion . The  fac t th a t c a rbon  
in th e  D PM  w as  71%  sp2-bonded  (c a lcu la ted  from  X PS  spec tra ) com pared  to  on ly  29%  
fo r th e  coa l d u s t m ay  exp la in  w hy  it w as  p o ss ib le  to  g e t a  D R IFTS  spec trum  o f  co a l d u s t 
b u t n o t o f  th e  D PM .
6 .1 .4  T G A  a n a ly s is  o f  c o a l  d u s t  a n d  D P M
From  th e  TGA  analy sis  o f  coal d u s t and  D PM  sam p les  it w as  ob se rv ed  th a t th e  coal d u s t 
h ad  a  w e ig h t lo ss o f  app rox im a te ly  17%  and  th e  D PM  o f  app rox im a te ly  30% , w hen  
h eated  to  800 °C , show ing  th a t th e  D PM  h as  a  m uch  g rea te r o rg an ic  co n ten t th an  th e  coal 
dust. T h e  m a jo rity  o f  th e  w e igh t lo ss  fo r th e  D PM  occu rred  b e tw een  200  and  600°C  
show ing  th a t th e re  w as  a  la rg e r v o la tile  o rg an ic  frac tion  p re sen t in th e  D PM  than  th e  coal 
du st.
6 .1 .5  X R F  a n a ly s is  o f  c o a l  d u s t
O, M g, A l, Si, P , K , Ca, Fe, Sr, and  B a  w ere  de tec ted  in th e  coal d u s t from  th e  X R F  
analys is . These  e lem en ts  w ere  a ttribu ted  to  th e  p re sen ce  o f  d iffe ren t m in e ra ls  such  as 
illite , k ao lin ite , sm ectite , ap a tite  and  o th e r p ho spho rou s  m inera ls . T he  ca rbon  co n ten t o f  
th e  coal d u s t w as  e stim ated  to  be  ove r 95% . T h is  w as  a  la rg e  d iffe rence  from  th e  X PS  
resu lts , w h ich  estim ated  th e  carbon  con ten t o f  th e  coal to  b e  87% . H ow eve r, th e  X PS  
va lu e  on ly  rep re sen ted  a  v e ry  sm all su rface  layer (1 0 -50A ) o f  th e  coal d u s t and  th e  X R F  
m easu red  th e  b u lk  o f  th e  sam ple . A lso , th e  coal d u s t sam p le  w as hea ted  to  1250°C  du rin g  
th e  X RF  fu s ion  p rocess . T h is  w ou ld  h ave  rem oved  any  vo la tile  o rg an ics  p re sen t in th e  
coal dust. T here fo re , th e  pe rcen tage  o f  c a rbon  in th e  o rig ina l coal d u s t sam p le  (b e fo re  
b e ing  h ea ted ) w ou ld  h ave  b een  less th an  th e  e s tim a ted  95% .
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6 .1 .5  S E M  im a g e s  o f  m ix tu r e  D P M  a n d  c o a l d u s t  s a m p le s
From  th e  SEM  im ages o f  m ix tu re  D PM  and  coal d u s t it w as  observed  th a t th e  sam p les  
w ere  h igh ly  he te rogeneous . The  qua rtz  fib re  f ilte r  substra te  w as  n o t fla t and  th e  fib res  
w ere  n o t com p le te ly  covered  by  th e  sam p le . A lth ough  th e  m a jo rity  o f  in d iv idua l D PM  
pa rtic le s  a re  know n  to  be  in  th e  n anom e te r  range , a ccum u la ted  D PM  pa rtic le s  o f  th e  
o rde r o f  5 0 pm  w ere  ob se rv ed  he re . I t w as  p o ss ib le  th a t th e  accum u la ted  D PM  pa rtic le s  
m ay  have  su rrounded  th e  la rge r coal d u s t p a rtic le s . T he  coa l d u s t p a rtic le s  th em se lv es  
ranged  in  s ize  from  a  few  m ic rom e te rs  to  a round  2 5 -3 0pm . B o th  th e  D PM  and  coa l d u s t 
w ere  u n even ly  d is tribu ted  on  th e  filter . H ow ever, th e re  w ere  certa in  a reas  b e tw een  th e  
coal d u s t p a rtic le s  and  th e  large  agg lom era tes  o f  D PM  w here  th e  sub stra te  w as  covered . 
These  a reas  w ere  lik e ly  to  be  tak en  up  b y  v e ry  fin e  D PM  partic le s , w h ich  in d ica ted , ap a rt 
from  th e  large  agg lom erates , th a t th e  D PM  w as  m o re  even ly  d is trib u ted  on  th e  filte r , th an  
the  coal dust. T h is  h e te rog ene ity  has  p ro found  im p lica tion s  fo r th e  ana ly s is  o f  m ix tu re  
sam ples  u s ing  R am an  m ic ro scopy .
6 .1 .6  C a lib r a t io n  p lo t s  o f  s e p a r a t e  D P M  a n d  c o a l d u s t  s a m p le s
The  sepa ra te  D PM  and  coal d u s t c a lib ra tion  p lo ts  in sec tion  5.3 .1 show ed  th a t th e re  w a s  a  
lin ea r re spon se  b e tw een  th e  R am an  spec tra l a reas  and  sam p le  concen tra tion . H ow eve r, a t 
coal d u s t concen tra tion s  o f  g rea te r th a t 5 0 0 p g  th e  p lo t re ached  a  p la teau . Th is  ind ica ted  
th a t a t lo ad ing s  above  th is  level layers o f  coa l d u s t w e re  b e ing  p iled  on to p  o f  each  o th e r 
and  th e  f ilte r  h ad  e ffec tiv e ly  becom e  sa tu ra ted . A s  a  re su lt o f  th is , lo ad ings o f  g rea te r 
th an  5 0 0 p g  w ere  ou ts id e  th e  lin ea r range  o f  th e  te chn iqu e . T here fo re , w hen  p ro du c in g  
m ix tu re  s tandard s  fo r a  PLS m ode l it w as  n ecessa ry  to  k eep  th e  to ta l sam p le  w e ig h t to  
less th an  5 0 0 p g  to  avo id  th is  p rob lem .
6 .1 .7  P C A  o f  s e p a r a t e  D P M  a n d  c o a l d u s t  s p e c t r a
In  th e  PCA  ana ly sis  o f  separa te  D PM  and  coal d u s t sam p les  99%  o f  th e  va riance  
occu rred  in th e  firs t p rin c ip a l com ponen t and  th e  ob se rv a tio n s  fo r th e  coal d u s t and  D PM
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spec tra  w ere  c lea rly  sepa rab le  in to  tw o  d iffe ren t g roups. Th is  show ed  th a t PCA  w as 
capab le  o f  eas ily  d is tin gu ish ing  b e tw een  carbon  sp ec tra  from  coal d u s t and  D PM . T he  
D PM  ob se rv a tio n s  w ere  bunched  to g e th e r in  a  v e ry  c lo se ly  spaced  g roup . T h is  ind ica ted  
th a t th e ir  co rre spond ing  sp ec tra  had  v e ry  s im ila r shapes . H ow ever, th e  coal d u s t sp ec tra  
w ere  n o t bunched  as c lo se ly  to g e th e r as  th e  D PM  spec tra , w h ich  ind ica ted  th a t th e ir  
spectra l shapes  w ere  n o t v e ry  s im ila r (in  ch em om etric  te rm s), com pared  w ith  th o se  o f  th e  
D PM . The  lo ad ing  fo r th e  1st com ponen t lo oked  s im ila r to  a  R am an  spec trum  o f  carbon , 
w ith  la rge  v a rian ces  o ccu rrin g  in  s im ila r p o s itio n s  to  th e  D  and  G  bands. There  is  w as  a  
d is tin c t sh ou ld e r a t a round  1250cm '1, w h ich  co rre sponds  to  th e  R am an  fea tu re , due  to  an  
sp3-bonded  ca rbon  phase , ob serv ed  in th e  R am an  sp ec tra  o f  th e  coal d u s t b u t n o t in  th e  
D PM  spec tra . The  po s itio n s  o f  th e  v a rian ce  peak s  con firm  th a t th e  v a rian ce  b e tw een  th e  
coal d u s t and  D PM  sp ec tra  w as  de fin ite ly  d ue  to  d iffe rences  in  th e ir  sp ec tra  fo r th e  f irs t 
PC .
U sing  th e  m odel d eve loped , g roup  p red ic tio n s  w ere  m ade  fo r a  te s t se t o f  14 sp ec tra  (7 
D PM  and  7 coal du st) . The m ode l co rrec tly  a ss igned  all 7  D PM  te s t sp ec tra  to  g roup  1 
and  all 7 coal d u s t te s t sp ec tra  to  g roup  2 . Th is  show ed  th a t th e  m ode l d ev e lop ed  w as  
capab le  o f  d is tin gu ish ing  be tw een  sepa ra te  coa l du s t and  D PM  carbon  spec tra .
6 .1 .8  D e v e lo p m e n t  o f  th e  s a m p le  a n a ly s is  c r it e r ia  f o r  q u a n t i t a t iv e  m u lt iv a r ia t e  
R am a n  a n a ly s is  o f  m ix tu r e  D P M  a n d  c o a l  d u s t  s a m p le s
The  in itia l in vestig a tion  in to  th e  rep roduc ib ility  o f  sp ec tra l a reas  in vo lv ed  u s ing  X 50  
ob jectiv e , 2 50 s  scan  tim e  and  10%  la se r pow er. 10 rep lic a te  sp ec tra  w e re  m easu red  fo r  a  
range  o f  sam p les . T he ir s tandard  d ev ia tion s  o f  th e ir  in teg ra ted  a reas  rang ed  from  13 to  
over 40% . I t  w as  b e lieved  th e  large e rro rs  w e re  due  to  th e  he te rogene ity  o f  th e  sam p les . 
So, it w as  in vestig a ted  i f  in c reasing  th e  la se r spo t s ize  w as  from  2 -3 pm , u s ing  th e  X 50  
ob jec tiv e , to  3 0 pm  w ith  an  X 5 ob jec tiv e  and  sam p ling  a  m o re  rep re sen tab le  a rea  w ou ld  
im prove  th e  rep roduc ib ility . U sing  th e  X5 ob jec tiv e  s tandard  d ev ia tion s  o f  in teg ra ted  
spec tra l a reas  o f  th e  m ix tu re  sam ples  w ere  in th e  range  o f  4 .9  to  21 .8% . The  
im provem en t in th e  rep roduc ib ility  o f  th e  spec tra l a reas , d u e  to  th e  in c rease  in th e  sam p le
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area, ind ica ted  th a t a  fu r th e r  in c rease  in  th e  sam p le  a rea  w ou ld  im prove  th e  
rep roduc ib ility  even  m ore . Th is  w as ach ieved  by  u s ing  a  ro ta tin g  stage  re su lted  in  a  
sam p le  a rea  o f  1 ,400 ,000pm 2. A  v a s t in c rease  on  th e  o rig inal 3 0 pm 2 sam p le  a rea , w hen  
no  ro ta tin g  stage  w as em ployed . U sing  th e  ro ta tio n  s tage  th e  s tandard  d ev ia tio n  o f  th e  
spec tra l a reas  o f  m ix tu re  sam p les  w as  redu ced  from  a  range  o f  4 .9  to  2 1 .8%  dow n  to  
be tw een  1.9 to  10% . A  PLS  m odel w as  con stru c ted  u s ing  th e  sp ec tra  from  th e  m ix tu re  
s tandard s th a t had  been  ana ly sed  w hen  ro ta ting . The  R 2 v a lu es  fo r th e  D PM  and  coal du s t 
actua l v e rsu s  p red ic ted  concen tra tio n  p lo ts  w ere  0 .673  and  0 .818  re spec tiv e ly . The  large  
v a ria tion  in  th e  ac tu a l con cen tra tio n  v e rsu s  p red ic ted  concen tra tio n  ob se rv a tion s , fo r 
rep lica te  spec tra , d id  n o t co rre la te  w e ll w ith  th e  low  standard  d ev ia tion s  o f  b e tw een  1.9 to  
10% , fo r  th e  in teg ra ted  spec tra l a reas . Th is  ind ica ted  th a t th e  spec tra l sh apes  w e re  ve ry  
d iffe ren t (in  PLS te rm s) fo r each  rep lica te  sp ec trum  o f  a  sam ple. It w as  con c lud ed  th a t 
one  o f  th e  m a jo r reason  fo r th e  d iffe rences  in  th e  shapes o f  rep lica te  sp ec tra  w as  th e  
d ifferen tia l b um -o f f  o f  o rg an ic  m a te ria l du e  to  th e  la se r h ea ting  o f  th e  sam p le . There fo re  
it w as  dec id ed  to  h ea t- trea t th e  sam p le  to  625°C  in a  N 2 a tm osphere . A fte r  such  a  h ea t-  
tre a tm en t th e  la se r h ea t shou ld  have  no  e ffec t on  th e  sam p le  and  th e  sp ec tra  w ou ld  n o t 
change  due  th e  b um  o f f  o f  o rg an ic  m ate ria l.
A  PLS m ode l w as  con stru c ted  w ith  sp ec tra  from  th e  h ea t- trea ted  m ix tu re  sam p les  and  th e  
R 2 v a lu es  fo r D PM  and  coal d u s t ac tu a l v e rsu s  p red ic ted  concen tra tion  p lo ts  im proved  
from  0 .673  and  0 .818  to  0 .932  and  0 .826  re spec tive ly . There fo re , th e  h ea t- trea tm en t 
reduced  th e  e ffec t o f  th e  d iffe ren tia l b um -o f f  o f  o rg an ic  m ate ria l due  to  la se r heating .
T h is  w o rk  w as  pe rfo rm ed  by  co llec ting  10 rep lica te  sp ec tra  o f  each  sam p le  and  it w as  
ob serv ed  th a t th e  firs t one  o r  tw o  sp ec tra  o f  th e  10 rep lica tes , fo r each  sam p le , h ad  h ig h e r  
fluo rescence  levels. O n  a  c lo se r lo ok  a t th e  PLS ac tu a l v e rsu s  p red ic ted  p lo ts  it w as 
ob serv ed  th a t th e  o b serva tion  co rre spond ing  th e se  sp ec tra  cou ld  b e  p o ss ib le  ou tlie rs . The  
d iffe rence  fo r th e  firs t one  o r  tw o  sp ec tra  o f  each  sam p le  w as  a ttribu ted  to  th em  be ing  
still a ffec ted  by  th e  b um  o f f  o f  o rgan ic  m a te ria l, even  a fte r  th e  h ea t- trea tm en t p rocess .
Th is m ay  h ave  been  due  to  o rgan ic  m ate ria l from  th e  a tm o sphere  ad so rb ing  on to  th e  
su rface  o f  th e  sam ple  a fte r th e  h ea t-trea tm en t. T here fo re , th e  PLS m odel u s ing  th e  h ea t-  
trea ted  m ix tu re  sam ple  w as  re -ca lcu la ted  om itting  th e  firs t 2  spec tra , o f  th e  10 rep lica tes ,
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fo r each  sam ple . The  R 2 v a lu es  fo r D PM  and  coal d u s t ac tu a l v e rsu s  p red ic ted  
concen tra tion  p lo ts  im p roved  from  0 .932  and  0 .826  to  0.961 and  0 .874  respec tiv e ly . It 
w as  dec id ed  th a t fu tu re  analy sis  shou ld  invo lv e  co llec tin g  12 rep lica te  sp ec tra  o f  each  
sam p le  and  th e  firs t 2 sp ec tra  om itted  fo r  any  c a lcu la tion s /p red ic tion s . A t th is  s tage  it 
b ecam e ap p a ren t th a t th e  m odel w ou ld  b e  m uch  m o re  re liab le  fo r th e  p red ic tio n  o f  D PM  
concen tra tion s  com pared  to  coal d u s t concen tra tion s . H ow ever, w e  w ere  fo rtuna te  th a t 
th e re  w ere  on ly  tw o  com ponen ts . So, o nce  th e  D PM  concen tra tio n  h as  b een  c a lcu la ted  
w e  can  p red ic t th e  coal d u s t con cen tra tio n  by  sub trac ting  th e  estim ated  D PM  w e igh t from  
th e  to ta l w e igh t o f  th e  sam ple . It is a lso  w o rth  no tin g  th a t th e  s tandard  d ev ia tio n  o f  th e  
in teg ra ted  sp ec tra l a reas  o f  th e  spec tra  n ow  ranged  from  1.9 to  6 .0%  com pared  to  1.9 to  
10%  fo r th e  non -h ea t-trea ted  m ix tu re  sam ples .
U sing  th e  s tep -by -s tep  in vestig a tion s  d e ta iled  above  th e  ana ly s is  c rite ria  fo r m ix tu re  
D PM  and  coa l d u s t sam p les  w as  d eve loped . The  fina l c r ite r ia  invo lv ed  firs tly  h ea t-  
trea ting  th e  sam p le  to  625°C  in  a  N itro g en  a tm osphere  fo r  15 m inu te s . Then  co llec tin g  
th e  R am an  spec trum  u s in g  th e  op tim al p a ram ete rs  o f  X 5 ob jec tiv e , 4 00  second  scan  tim e  
and 100%  la se r pow er, w h ile  ro ta tin g  th e  sam p le  a t 3 rpm  and  sam p ling  an  a rea  w ith  a  
rad iu s  o f  0 .75cm . A lso  12 rep lica te  sp ec tra  shou ld  b e  tak en  o f  each  sam p le  and  th e  f irs t 2 
d isca rded  due  to  flu o rescence  from  ad so rbed  o rgan ic  m a te ria l.
6 .1 .8  P L S  m o d e ls  u s in g  th e  f in a l  d a ta  s e t
6 .1 .8 .1  P L S  m o d e l w ith  th e  o r ig in a l  s p e c t r a  fr om  th e  h e a t - t r e a te d  m ix tu r e  s a m p le s
The fina l d a ta  se t in vo lv ed  th e  add ition  o f  an  ex tra  sam p le  con ta in ing  3 0 p g  D PM  and  
2 9 7 jug coa l dust. T he  sam p le  w as  analy sed  u s ing  th e  d eve loped  c rite ria  and  the  10 
re su lting  sp ec tra  added  to  th e  d a ta  set. A  n ew  PLS m ode l w as  con stru c ted  and  R 2 v a lu e s  
o f  0 .974  and  0 .907  w ere  ob ta in ed  fo r th e  D PM  and  coal d u s t ac tu a l v e rsu s  p red ic ted  p lo ts  
respec tive ly .
This m odel w as  te s ted  by  u s ing  it to  p red ic t th e  w e igh ts  o f  D PM  and  coa l d u s t in a  
m ix tu re  k now n  to  con ta in  156pg  D PM  and 139pg  co a l du st. U sing  th e  p red ic ted  v a lu es
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from  10 sp ec tra  o f  th e  te s t sam ple , th e  95%  con fid ence  in te rv a l fo r  th e  e stim a ted  m ean  
w as 162 .1pg  to  16 9 .9 pg  (166  ±  3 .9 pg ) fo r  D PM  and  6 0 .2 p g  to  7 5 .8 p g  (68 ±  7 .8 pg ) fo r 
coal dust. There fo re  th e  m odel s ligh tly  ove re stim a ted  th e  D PM  con ten t b u t gave  a  larg e  
underestim ation  fo r th e  coal dust.
T here  w ere  severa l p o ss ib le  exp lan a tio n s  fo r th e  p o o r e s tim ations. F irs tly  th e  te s t sam p le  
m ay  no t h ave  con ta in ed  th e  expec ted  am oun t o f  each  constitu en t. A lso  th e  h igh e r R  
v a lu e  o f  0 .974  fo r  th e  D PM  com pared  to  0 .907  fo r th e  coal d u s t m ay  ex p la in  w hy  th e  
p red ic tio n  w as  m o re  accu ra te  fo r th e  D PM . T he  SEVC  va lu es  fo r D PM  and  coa l d u s t 
13 .5pg  and  3 6 .l p g  re spec tive ly . Th is  im p lied  th a t a  te s t sam p le  w ith  co n cen tra tio n s  o f  
156pg  D PM  and  139pg  coal d u s t cou ld  h av e  b een  p red ic ted  to  con ta in  142.5 to  1 69 .5pg  
D PM  and  102.9  to  139pg  coa l du st. The  average  e s tim a ted  v a lu e  fo r th e  D PM  w as  166pg  
and  th is  indeed  d id  lie  w ith in  th e  expec ted  p red ic tion  range  fo r th e  te s t sam ple . H ow eve r, 
th e  average  coal d u s t e s tim a tion  o f  6 8 p g  is still con sid e rab ly  low er th an  th e  SEVC  w ou ld  
suggest. A  large v a ria tion  in  th e  bo th  concen tra tion  and  spec tra l re s id u a ls  w h ich  
ind ica tion  th e re  w as  a  v a ria tio n  in  th e  sp ec tra  due  to  bo th  th e  spec tra l in ten s itie s  and  
shapes. T h is  w as n o t a  m a jo r su rp rise  due  and  w ou ld  m a in ly  have  been  du e  to  th e  
sam ples  b e ing  h ig h ly  h e te rogeneou s . P e rh ap s  10 rep lica te  sp ec tra  o f  each  sam p le  w e re  
n o t enough  to  e ffec tiv e ly  m ode l th e  v a riance . A no th e r  p o ss ib le  sou rce  o f  e rro r w as  
iden tified  from  th e  fac to r lo ad ing s  w he re  it w as ob se rv ed  th a t th e  la se r p la sm a  lines  
con tribu ted  h eav ily  to  th e  v ariance .
6 .1 .8 .2  P L S  m o d e l w ith  a r e a -n o rm a l is e d  s p e c t r a
A  m odel w as  con stru c ted  by  no rm a lis in g  th e  a reas  o f  th e  sp ec tra  and  in pu ttin g  th e  
D PM /coa l ra tio s  ra th e r th an  th e ir  ab so lu te  concen tra tion s . Th is  w as  p e rfo rm ed  to  
e lim ina te  th e  e ffec t o f  la se r flu c tu a tion s  and  d iffe ren t sam p le  a lignm en ts . H ow ever, th e  
R 2 fo r th is  m odel w as 0 .84 . A lso , from  lo ok ing  a t th e  fac to r load ings it w as  o b se rv ed  th a t 
th e  la se r p la sm a  lines con tribu ted  even  m o re  to  th e  v a rian ce  in th is  m ode l and  th an  fo r  th e  
p rev iou s  m odel. Th is  w as  b ecau se  w ith  a  m odel u sing  th e  D PM /coa l ra tio s  som e  sam p les
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w ith  s im ila r ra tio s  w ill h ave  d iffe ren t to ta l w e igh ts  (sub stra te  coverage) and  th e re fo re  
d iffe ren t con trib u tio n s  from  th e  p la sm a  lines.
6 .1 .8 .3  P L S  m o d e ls  u s in g  s p e c t r a  w i th  th e  la s e r  p la sm a  l in e s  r em o v ed
I t w as dec id ed  to  re tu rn  to  u s ing  ab so lu te  concen tra tion  and  non -no rm alised  spec tra . 
H ow ever, th is  tim e  any  obv iou s  la se r p la sm a  lin es  w ere  rem oved  from  th e  spec tra . N o  
m a jo r d iffe rence  w as  ob se rv ed  fo r th e  m ode l w ith  th e  D PM  and  coal d u s t ac tu a l v e rsu s  
p red ic ted  R 2 v a lu es  b e ing  0 .967  and  0 .881 re sp ec tiv e ly  com pared  to  0 .9 74  and  0 .907  th e  
ea rlie r  m ode l. F rom  th e  fa c to r lo ad ing s  p lo ts  it w as  ob se rv ed  th a t th e  v a rian ce  du e  to  th e  
la se r p la sm a  lines w as  a lm o s t com p le te ly  rem oved . Th is  in d ica ted  th a t i f  th e se  sp ec tra  
cou ld  be  u sed  in m odel s im ila r to  th e  p rev iou s  one  w he re  th e  sp ec tra  w e re  a rea  
no rm alised  and  th e  D PM /coa l ra tio s  ra th e r  in pu tted  th an  th e ir  ab so lu te  concen tra tion s . 
T ha t is exac tly  w ha t w as  p e rfo rm ed  fo r th e  fin a l m ode l. T he  R 2 w as  ob se rv ed  to  be  0 .835  
w h ich  w as even  low er th an  th e  R 2 o f  0 .848  fo r th e  on  th e  ea rlie r  m ode l u s in g  no rm a lised  
spec tra  w ith ou t rem ov ing  th e  p la sm a  lines.
F ina lly  it w as  conc luded  th a t th e  b e s t p o ss ib le  m odel u s in g  th e  ava ilab le  d a ta  w as  u s in g  
th e  d a ta  co llec ted  du ring  th e  p re sen t w o rk , w as  w ith  th e  sp ec tra  w ith ou t rem ov ing  th e  
la se r p la sm a  lines and  in pu ttin g  th e  a b so lu te  concen tra tion s  fo r  th e  con stitu en ts  ra th e r  
th an  a re a  n o rm a lis ing  th e  sp ec tra  and  inpu tting  th e ir  co n s titu en t ra tio s . T h e  p a ram e te rs  
fo r th e  fina l m ode l in vo lv ed  m ean  cen tr in g  th e  da ta , v a lid a tio n  w ith  c ro ss-v a lid a tio n  
sequen tia lly  rem ov ing  1 sam ple , u s in g  3 fac to rs  fo r th e  D PM  p red ic tio n  p lo t  a nd  4  fac to rs  
fo r th e  coal d u s t p lo t. Th is  re su lted  in  R 2 v a lu es  o f  0 .974  and  0.901 w ith  SECV  va lu e s  o f  
13 .5pg  and  3 6 .1 p g  re spec tive ly .
6 .1 .9  R e le v a n c e  o f  th e  c u r r e n t  w o r k  to  o c c u p a t io n a l  e n v ir o n m e n t s  o th e r  th a n  c o a l  
m in e s
The  m a jo r d iff icu lty  in a ch iev ing  th e  cu rren t a im  o f  d e te rm in ing  th e  am oun t o f  D PM  and  
coal du st in a  m ix tu re  sam p le  is undoub ted ly  due  to  th e  com p lex ity  o f  th e  sam ples .
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H ow ever, an  R 2 v a lu e  o f  0 .974  w as  still a ch ieved  fo r  th e  D PM . In  an o th e r o ccupa tiona l 
se ttin g  w he re  th e re  is expec ted  to  be  h ig h  levels  o f  D PM  bu t no  m a jo r in te rfe rence  from  
ano th e r carbon  sou rce , it is conce iv ab le  th a t th is  m e thod  cou ld  be  qu ite  e ffec tiv e . S evera l 
exam p les  w ou ld  be  o th e r m in ing  indu strie s  such  as  sa lt m in es  o r  ga rages fo r  flee ts  o f  
van s  o r  bu ses  a re  w h ich  u se  th e  sam e fue l sou rce . There  a re  cu rren tly  m e thod s  av a ilab le  
fo r th e  ana ly s is  o f  D PM  a lone  (as  d iscu ssed  in  ch ap te r 1). H ow ever, once  an  e ffec tiv e  
ca lib ra tion  p lo t h ad  been  deve loped  it w ou ld  be  m uch  s im p le r and  q u ick e r to  p e rfo rm  a  
R am an  analys is .
6 .2  F u tu r e  W o r k
6 .2 .1  S E M  im a g e s  o f  s e p a r a t e  D P M  a n d  c o a l  d u s t  s a m p le s
The SEM  w o rk  p re sen ted  in  th e  p re sen t s tu dy  in c luded  im ages o f  m ix tu re  D PM  and  coal 
du st sam ples . A ccum u la ted  D PM  pa rtic le s  o f  th e  o rd e r  o f  5 0 pm  w ere  ob se rv ed . It w as  
suggested  th a t th e se  large  agg lom era tes  m igh t have  been  coal d u s t p a rtic le s  su rrounded  
by  D PM . SEM  im ages o f  D PM  on  its ow n  w ou ld  he lp  e stab lish  i f  th e se  la rg e  
agg lom era tes  w e re  pu re  D PM  o r no t. SEM  im ages o f  separa te  D PM  and  coa l d u s t 
sam p les  cou ld  be  com pared  to  th e  im ages o f  m ix tu re  sam p les  to  see to  w h a t ex ten t 
co llec ting  th e  D PM  and  coal d u s t s im u ltan eou sly  a ffec ts  th e  d is trib u tio n  o f  th e  D PM  on  
th e  qua rtz  fib re  substra te .
6 .2 .2  X P S  o f  h e a t - t r e a te d  c o a l d u s t
From  th e  com parison  o f  th e  R am an  sp ec tra  o f  an un -trea ted  coal d u s t sam p le  and  a  
sam ple  h ea t- trea ted  to  625°C  it w as ob se rv ed  th a t th e  D  bandw id th  and  th e  D /G  band  
ra tio  in c reased  fo r  th e  h ea t-trea ted  sam ple . T hese  ob se rv a tio n s  ind ic ted  th a t th e  h ea t-  
trea ted  sam p le  s truc tu re  w as m ore  d iso rde red . T h is  w as  su rp ris ing  b ecau se  it is  know n  
th a t h ea t- trea tm en t in duces  o rde rin g  o f  carbonaceou s  m a te ria ls . F rom  th e  X PS  an a ly s is  o f  
th e  carbon  C ls  p eak  o f  coal d u s t it w as  e stim ated  th a t its  c a rbon  co n ten t w as 41%  sp3- 
bonded . Th is  co rre la ted  w e ll w ith  th e  R am an  spec trum , w h ich  had a  la rg e  b and  a t a ro und
2 1 5

1240cm '1 th a t is know n  to  be  due  to  an  sp 3-bonded  carbon  phase . The  co n trib u tio n  o f  th e  
band  a t 1240cm '1 to  th e  R am an  spec trum  o f  th e  h ea t- trea ted  coal d u s t sp ec trum  w as  
g rea tly  redu ced  com pared  to  th e  u n tre a ted  sam ple . Th is  ind ica ted  th a t th e  h ea t- tre a tm en t 
m igh t have  converted  som e  sp  -bonded  ca rbon  to  sp  -b onded  carbon . H ow eve r a  H TT  o f  
625°C  m igh t o n ly  h av e  been  h igh enough  to  convert th e  sp3-b onded  carbon  to  d iso rd e red  
sp2-bonded  carbon . T h is  w ou ld  ex p la in  w hy  th e  R am an  spec trum  o f  th e  coal d u s t 
ind ic a ted  th a t th e  hea t-trea ted  sam p le  w as  m o re  d iso rd e red  th an  th e  un trea ted  sam ple .
T he  v a lid ity  o f  th is  hypo thesis  cou ld  be  in vestig a ted  by  p e rfo rm ing  an  X PS  ana ly s is  o n  a  
h ea t-trea ted  coal d u s t sam p le  to  de te rm ine  i f  and  how  m uch  o f  th e  sp3-bonded  c a rbon  had  
been  converted  to  sp2-bonded  carbon , a f te r  h ea t- trea tm en t. It m ay  a lso  b e  usefu l to  h ea t- 
tre a t th e  coal d u s t u s in g  a  range  o f  H TT s. T he  change  in  sp2/sp 3 hyb rid isa tio n  cou ld  be  
d e te rm in ed  fo r  each  tem pera tu re  and  com pared  to  a  change  in  th e  R am an  spec trum  o f  th e  
sam ple .
6 .2 .3  T h e  a d d it io n  o f  m o r e  s am p le s  t o  th e  P L S  m o d e l
O rig in a lly  6 m ix tu re  sam p les  w ere  u sed  fo r th e  PLS m ode l. The  b e s t R 2 v a lu e  o f  th e  
ac tu a l v e rsu s  p red ic ted  concen tra tio n  p lo ts  u s ing  6 sam p les  w as  0.961 fo r  th e  D PM  and  
0 .874  fo r th e  coa l du st. A n  add itio na l sam p le  w as  added  in an  a ttem p t im p rove  th e se
th 9
valu es . The  add ition  o f  a  7 sam p le  im p roved  th e  R  v a lu e  from  0.961 to  0 .9 74  fo r  th e  
D PM  ac tu a l v e rsu s  p red ic ted  p lo t and  from  0 .874  to  0 .907  fo r  th e  coal d u s t ac tu a l v e rsu s . 
This in d ica te s  th a t th e  add ition  o f  ex tra  m ix tu re  sam p les  w ou ld  fu rth e r im p rove  th e  
m ode l.
T he cu rren t d a ta  se t does  n o t in c lude  any  sam p les  w ith  D PM  load ings b e tw een  70  and  
150 |ig . There fo re  i f  n ew  sam p les  w ere  to  be  added  to  th e  m odel it w ou ld  b e  d esirab le  fo r 
th em  to  have  D PM  load ings in th is  range .
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6 .2 .4  I n c r e a s e  th e  n u m b e r  o f  s p e c t r a  ta k e n  f o r  e a c h  s am p le
Large v a ria tio n s  w ere  ob se rv ed  fo r b o th  con cen tra tio n  and  spec tra l re s idua ls  and  m any  o f  
th e  sam p les  w ere  id en tified  a t ou tlie rs  u s ing  an  F -ra tio  te st. I t  w as p re sum ed  th is  w as  due  
to  th e  he te rogene ity  o f  th e  sam p les  and  it w as  po ss ib le  th a t 10 rep lica te  sp ec tra  o f  each  
sam p le  w as  n o t enough  to  e ffec tiv e ly  m ode l a ll th e  po ss ib le  v a ria tio n s  fo r  th e  sp ec tra  o f  
each sam ple . I t  is  recomm ended  th a t fu rth e r w o rk  shou ld  in vo lv e  co llec tin g  15 o r 
p o ss ib ly  even  20  sp ec tra  fo r each sam p le  to  in vestig a te  i f  th is  h e lp s  im p rove  th e  m o d e l’s 
capab ility  to  accoun t fo r  th e  v a ria tion s  in  th e  spectra .
6 .2 .5  T e s t  th e  m o d e l w ith  m o r e  s am p le s
The  fina l m odel p roduced  here  w as te s ted  w ith  a  m ix tu re  sam p le  w ith  a  know n  am oun t o f  
D PM  and  coa l du s t, w h ich  w as  n o t u sed  to  d eve lop  th e  m ode l. T he  m ode l s ligh tly  
o verestim ated  th e  D PM  concen tra tion  b u t gave  a  la rge  u nde re stim a tion  fo r th e  coal d u s t 
sam ple . H ow ever, th is  w as  th e  re su lt o f  ju s t  one  te s t sam p le . To  e ffec tiv e ly  te s t th e  
cu rren t m ode l o r  fu tu re  m ode ls  it w ill b e  n ecessa ry  to  u se  a  n um ber o f  te s t sam p les  w ith  a  
w id e  va rie ty  o f  d iffe ren t D PM  and  coal d u s t w eigh ts , rang ing  from  low  to  h ig h  
concen tra tion s . T es ting  th e  m ode l in  such  a  w ay  w ou ld  id en tify  i f  th e  ou tcom e  fo r  th e  
sam p le  te s ted  he re  (larg e  unde re stim a tio n  fo r th e  coa l and  an  o ve re stim a tion  fo r th e  
D PM ) w as  a  general trend , sp ec ific  to  a  p a rtic u la r  concen tra tio n  range  o r  ju s t  sp ec ific  to  
th is  sam ple .
6 .2 .6  P r e d ic t  th e  c o m p o s it io n  o f  r e a l u n k n ow n  ( f ie ld )  s a m p le s
The  PLS  m odel has been  te s ted  w ith  a  m ix tu re  D PM  and  coal d u s t sam p le  th a t w as 
syn th esised  in  th e  labo ra to ry . The  m odel shou ld  be  te s ted  fu rth e r by  u s ing  it to  p red ic t th e  
com position  o f  real m ix tu re  D PM  and  coal d u s t sam p les  co llec ted  in a  coa l m in e . T he  
m odel deve loped  h e re  u sed  a  sp ec if ic  ty pe  o f  coal d u s t and  D PM  source . I f  a  R am an  
spec tro scopy -based  m e thod  to  analyse  carbon  p a rticu la te s  in m ix tu res  p roduced  from  
D PM  and  coal du s t in a  coal m ine  w as to  be  successfu l it m ay  be  n ecessa ry  to  p roduce
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m ix tu re  sam p les  u sing  th e  type  o f  coal and  D PM  sou rce  u sed  in  th e  coa l m ine  o f  in te rest. 
U sing  th e  ana ly s is  c rite ria  d eve loped  in  th e  p re sen t w o rk  a  n ew  PLS m ode l cou ld  th en  be  
con stru c ted  fo rm  th e  sp ec tra  o f  th e se  sam p les , p ro du c in g  a  ca lib ra tion  w h ich  w ou ld  be  
sp ec if ic  to  th e  p a rtic u la r  coal m ine .
6 .2 .7  C a lib r a t io n  p lo t s  o f  s e p a r a t e  D P M  s am p le s  u s in g  th e  f in a l  a n a ly s i s  c r i t e r ia
C alib ra tion  p lo ts  o f  concen tra tion  v e rsu s  in teg ra ted  R am an  spec tra l a reas  o f  sepa ra te  
D PM  and  coal d u s t sam p les  w e re  p re sen ted  in  ch ap te r 5. H ow ever, th e se  sam p les  w ere  
no t ana ly sed  u s ing  th e  analy sis  c rite ria  d eve loped  la te r in  th is  w o rk . The  p roduc tio n  o f  a  
ca lib ra tion  p lo t fo r D PM  a lone , u s in g  th e  op tim ised  pa ram ete rs , sam p le  ro ta tio n  and  hea t- 
tre a tm en t m ay  be u sefu l fo r m on ito ring  D PM  expo su re  in  o ccupa tiona l env ironm en ts  
o th e r th an  coal m ines. T he  fac t th a t a  h ig h  R 2 o f  0 .974  w as  ach ieved  fo r D PM  in  a  
m ix tu re  in d ica te s  th e  u se  o f  a  ca lib ra tion  u s ing  D PM  a lon e  h as  th e  po ten tia l to  be  v e ry  
accu ra te  m ethod .
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C o n c lu s io n s
T he  p r in c ip a l a im  o f  th e  cu rre n t w o rk  w a s  to  d ev e lo p  a  R am an -sp e c tro sco p y  b a sed  m e th o d  to  
an a ly se  c a rb o n -b a sed  p a rtic u la te s  in  m ix tu re s  p ro d u c ed  from  D PM  and  co a l d u s t an d  
d e te rm in e  th e  am ou n t o f  e a ch  c o n s ti tu en t in  u n k n ow n  sam p le s  from  co a l m in e s . T h e  
h e te ro g en e ity  o f  th e  sam p le s  a n d  th e  s im ila r ity  o f  th e  R am an  sp e c tra  o f  D PM  and  co a l d u s t 
p re sen te d  a  v e ry  d if f ic u lt ch a llen g e . T h is  re su lte d  in  th e  p re s e n t w o rk  o n ly  p ro g re s s in g  to  th e  
la b o ra to ry  s tag e , w h e re  sy n th e s ised  sam p les  w e re  an a ly sed  ra th e r  th a n  re a l s am p le s  f rom  a  
co a l m in e . H ow ev e r, th e  w o rk  c a rr ie d  o u t w ith  th e  sy n th e s is ed  sam p les  p ro v id e d  som e  
en cou rag in g  re su lts . T he  c r ite r ia  fo r  th e  R am an  an a ly s is  o f  m ix tu re  s am p le s  h av e  b e en  
sy s tem a tic a lly  d ev e lo p ed . T h is  in v o lv ed  d e te rm in in g  th e  o p tim um  in s trum en ta l p a ram e te rs , 
ro ta tin g  th e  sam p le  d u r in g  an a ly s is  a n d  h e a t- tre a tm en t o f  th e  s am p les  b e fo re  an a ly s is . T h e  
o v e ra ll re su lt b e in g  th a t  e rro rs  in  th e  re p ro d u c ib ility  o f  th e  R am an  in te g ra te d  sp ec tra l a re a s  o f  
a  c o lle c tio n  o f  m ix tu re  sam p le s  w e re  re d u c ed  f rom  a  ran g e  o f  4 .9  to  21 .8%  d ow n  to  a  ra n g e  o f
1 .9 to  6% . T he  b e s t PLS  m od e l d e v e lo p ed  h e re  h ad  R 2 v a lu e s  o f  0 .9 7 4  a n d  0 .901  fo r  th e  D PM  
and  co a l d u s t a c tu a l v e rsu s  p re d ic ted  m od e ls  a n d  SECV  v a lu e s  o f  13 .5 fig  a n d  31 .6 (ig  
re sp ec tiv e ly . T h is  m od e l w a s  te s te d  w ith  a  sam p le  k n ow n  to  c o n ta in  156 jig  D PM  an d  139]ig  
co a l du s t. F rom  th e  e s tim a te  o f  10 re p lic a te  sp ec tra  o f  th is  sam p le  th e  9 5%  co n fid en ce  in te rv a l 
fo r  th e  e s tim a ted  m ean  w a s  166 ±  3 .9 p g  (162 .1  to  1 6 9 .9 |ig )  fo r  th e  D PM  an d  68  ±  7 .8 p g  (6 0 .2  
to  7 5 .8 fig) fo r  th e  co a l d u s t. T he  in a ccu ra te  e s tim a te s  w e re  a ttr ib u te d  to  th e  te s t  sam p le  
p o s s ib ly  n o t c o n ta in in g  th e  e x p ec te d  am ou n t o f  e a ch  com pon en t, h ig h  SECV  v a lu e s  d u e  to  
la rg e  v a ria tio n s  in  th e  sp e c tra  o r  in te rfe ren ce  from  la se r  p la sm a  lin e s . T h e  f in a l m o d e l w o u ld  
n o t b e  a ccu ra te  e n o u gh  to  a p p ly  to  u n k n ow n  sam p les  f rom  a  co a l m in e . H ow ev e r, th e re  w a s  
o n ly  a  s lig h t o v e re s tim a tio n  o f  th e  D PM  an d  i f  th e  re c om m end a tio n s  fo r  fu r th e r  w o rk  w e re  
c a r r ie d  o u t th e re  is  a  s tro n g  p o s s ib il ity  th a t a  m od e l c ap ab le  o f  m o re  a c cu ra te ly  e s tim a tin g . 
D PM  in  m ix tu re s  sam p le  c an  b e  d ev e lop ed .
T he  re com m end ed  fu r th e r  w o rk  in c lu d ed :
- U se  a d d itio n a l sam p les  fo r  th e  PLS  m ode l to  h e lp  m od e l th e  p o s s ib le  sam p le  v a r ia tio n s  o v e r  
th e  w ho le  an a ly s is  range .
- In c re ase  th e  n um b e r  o f  sp e c tra  o f  e a ch  sam p le  to  im p ro v e  th e  m o d e l’s c ap ab ility  to  a c c o u n t 
fo r  th e  p o s s ib le  v a ria tio n s  in  th e  sp ec tra .
- T e s t th e  fu tu re  m od e ls  w ith  m o re  sam p les  to  fu r th e r  in v e s tig a te  th e ir  p re d ic tiv e  a ccu racy .
- T ak e  ex tra  ca re  to  p re v en t la se r  p la sm a  lin e s  e n te r in g  th e  R am an  sp e c trom e te r  d u r in g  th e  
ana ly s is .
